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Paper  No.  14 


GENERAL  DESIGN  OF  THE  LOOKS,  DAMS  AND  BEGU- 
LATING  WORKS  OF  THE  PANAMA  CANAL. 


By 

Brig.  Gen.  H.  F.  HODGES,  U.  S.  Army 

M.  Am.  Soc.  C.  E. 

Formerly  Member  and  Assistant  Chief  Engineer,  Isthmian  Canal  Commission 

Tort  Totten,  N.  Y.,  U.  S.  A. 


The  actual  work  of  building  the  Panama  Canal  began  before 
it  had  been  finally  decided  whether  the  sea-level  or  lock  type 
would  be  adopted.  Much  of  the  necessary  plant  had  been  ac- 
quired, a  large  force  of  employees  collected,  adequate  measures 
for  feeding,  housing  and  recruiting  the  force  initiated,  sanitary 
work  organized  and  the  excavation  undertaken,  before  Congress, 
by  act  approved  June  29,  1906,  ordered  that  a  lock  canal  be 
built,  following  the  general  plan  proposed  by  the  minority  of 
the  International  Board  of  Consulting  Engineers  in  its  report 
of  1906.  This  report  fixed  the  alignment  of  the  canal  and  the 
approximate  location  of  the  principal  structures,  but  the  design 
of  the  latter  had  not  then  been  carried  beyond  the  stage  of 
study  needed  for  comparison  between  the  two  rival  types  of 
canal. 

In  the  latter  part  of  1906,  a  designing  force  was  organized, 
under  the  Principal  Assistant  Engineer,  in  the  Washington 
Office  of  the  Isthmian  Canal  Commission.  This  force  prose- 
cuted studies  for  the  lock  masonry,  the  gates,  and  the  emergency 
dams.  A  portion  went  to  the  Isthmus  of  Panama  after  the  re- 
organization of  the  work  in  the  spring  of  1907,  and  continued 
there  the  studies  for  the  masonry,  under  the  Head  of  the  Depart- 
ment of  Lock  and  Dam  Construction.  The  studies  for  the  lock 
gates  and  emergency  dams  were  continued  in  Washington,  under 
the  supervision  of  the  Chief  of  the  Washington  Office.    In  July, 
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1908,  the  designing  of  the  locks,  dams  and  regulating  works  was 
consolidated  and  placed  in  charge  of  the  Assistant  Chief  Engi- 
neer. The  part  of  the  force  then  in  Washington  was  brought 
to  the  Isthmus,  and  remained  there  until  disbanded  upon  com- 
pletion of  its  work. 

It  was  not  until  January,  1908,  that  the  width  of  the  locks 
was  fixed  at  110  feet  (33.53  m.) ;  and  the  final  location  of  the 
locks  and  dam  at  Miraflores  was  not  determined  until  about  the 
same  time.  Naturally  the  designing  up  to  then  had  been  ten- 
tative, and  mainly  for  the  purpose  of  settling  which  of  the  sev- 
eral available  plans  should  be  adopted  for  the  different  struc- 
tures and  moving  parts.  Careful  investigation  had  been  made 
of  the  foundations  at  the  different  localities  and,  without  waiting 
for  the  completion  of  the  designs,  the  work  of  excavation  at  the 
lock  sites  was  pushed  vigorously.  This  resulted  in  the  loss  of 
some  little  work,  but  in  the  saving  of  much  time ;  and  compelled 
the  designing  force  to  direct  its  energies  to  catching  up  with  the 
field  work.  When  this  had  been  done  it  was  still  by  no  means 
easy  to  keep  ahead  of  it. 

When  the  force  was  finally  consolidated,  under  the  super- 
vision of  the  Assistant  Chief  Engineer,  preliminary  designs  had 
been  made  for  locks  100  feet  (30.48  m.)  wide,  and  estimates 
for  locks  of  other  widths  up  to  125  feet  (38.10  m.) ;  the  investi- 
gations of  the  foundations  had  been  made,  and  important  data 
in  regard  thereto  had  been  collected;  but  the  structural  designs 
had  not  in  other  respects  passed  beyond  the  preliminary  stage, 
the  important  questions  of  the  foundation  plan  and  wall  sections 
not  having  been  settled.  The  design  of  the  gates  had  reached 
a  point  where  the  type  to  be  used  had  been  fixed,  the  general 
arrangement  of  the  leaf  in  compartments  had  been  blocked  out, 
and  many  details  of  the  quoin  posts  and  bearings  had  been 
determined;  the  swinging  type  of  emergency  dam  had  been 
adopted,  and  studies  made  of  a  truss  of  a  system  afterwards 
discarded;  and  the  plan  for  the  earth  dam  at  Gatun  was  in 
essentials  complete,  according  to  the  sections  then  adopted. 

The  office  force  engaged  upon  the  designs  was  organized  in 
1908  into  subdivisions  as  follows : 

Masonry  and  locks,  including  valves,  imder  Mr.  L.  D.  Cor- 
nish, Designing  Engineer. 
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Lock  gates  and  protective  devices,  under  Mr.  Henry  Gold- 
mark,  Designing  Engineer. 

Operating  machinery  and  electric  installations,  under  Mr. 
Edw.  Schildhauer,  Electrical  and  Mechanical  Engineer. 

Emergency  Dams,  under  Mr.  T.  B.  Monniche,  Designing 
Engineer. 

Two  other  subdivisions  were  added  later — 

Spillways,  under  Mr.  E.  C.  Sherman,  Designing  Engineer. 

Aids  to  Navigation,  under  Mr.  W.  F.  Beyer,  Assistant  En- 
gmeer. 

The  details  of  the  work  done  in  these  subdivisions  are 
treated  elsewhere  by  the  gentlemen  in  immediate  charge. 

DESIGN  OF  LOCKS. 

The  general  design  adopted  for  the  Canal  provided  for 
overcoming  differences  of  water  level  at  three  places,  namely, 
at  Gatun,  7  miles  (11.25  kilom.)  from  the  Atlantic  end,  where 
the  total  lift  was  to  be  85  feet  (25.91  m.)  at  ordinary  stage,  and 
where  a  flight  of  three  locks  was  proposed ;  at  Pedro  Miguel,  40 
miles  (64.37  kilom.)  from  the  Atlantic  end,  where  the  ordinary 
lift  was  to  be  30-1/3  feet  (9.23  m.),  and  a  single  lock  was  pro- 
posed; and  at  Miraflores,  42  miles  (67.60  kilom.)  from  the 
Atlantic,  or  8  miles  (13.42  kilom.)  from  the  Pacific  end,  where 
the  average  lift  was  to  be  54-2/3  feet  (16.67  m.),  and  where  a 
flight  of  two  locks  was  proposed.  In  the  original  plan  of  the 
minority  Board  of  Consulting  Engineers,  the  lock  flight  at  the 
Pacific  end  had  been  placed  at  La  Boca,  now  Balboa,  close  to 
the  shore  of  the  bay.  The  difficulty  and  expense  incident  to  the 
construction  of  the  dams  on  the  soft  and  unstable  soil,  and  the 
desirability,  from  a  military  point  of  view,  of  having  the  struc- 
tures further  inland,  caused  a  change  of  the  site  to  Miraflores. 
The  designs  of  the  locks,  with  the  elevations  and  dimensions  of 
the  principal  parts,  will  be  found  in  Plates  II,  III  and  IV.  In 
describing  them  it  will  be  convenient  to  mention  flrst  the  features 
common  to  all  the  locks,  for  outlines  of  which  Plate  I  may  be 
consulted  as  typical. 
Features  Common  to  All  the  Locks. 

Dimensions  of  Locks :  The  Act  of  Congress  approved  June 
28,  1902,  which  authorized  the  construction  of  an  Isthmian 
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Canal,  provided  that  it  should  be  of  sufficient  capacity  and 
depth  to  afford  convenient  passage  for  the  largest  vessels  then 
in  use  or  reasonably  to  be  anticipated.  The  report  of  the 
minority  of  the  Board  of  Consulting  Engineers,  which  fixed  the 
general  plan  of  the  Canal,  recommended  locks  900  feet  (279.32 
m.)  long  and  95  feet  (28.96  m.)  wide.  Before  the  designs  were 
well  under  way,  it  was  known  that  vessels  795  feet  (242.41  m.) 
long  and  88  feet  (26.82  m.)  in  beam  were  soon  to  be  afloat; 
before  the  designs  were  finished,  these  dimensions  had  increased 
to  892  feet  (271.88  m.)  and  92  feet  (28.04  m.) ;  and  before  the 
locks  were  used,  the  '*Imperator"  appeared  with  a  length  of  883 
feet  (269.13  m.)  and  beam  of  98  feet  (29.87  m.).  At  first  the 
Commission  contemplated  locks  1000  feet  (304.80  m.)  long  and 
100  feet  (30.48  m.)  wide;  but,  upon  the  suggestion  of  the  Gen- 
eral Board  of  the  Navy,  which  was  evidently  influenced  by  the 
relatively  large  beam  given  to  battleships,  the  width  was  finally 
increased  to  110  feet  (33.53  m.),  and  the  adopted  dimensions 
stand,  therefore,  at  1000  ft.  (304.80  m.)  by,  110  feet  (33.53  m.)- 

The  depth  of  the  canal  was  fixed  at  the  equivalent  of  40 
feet  (12.19  m.)  in  salt  water,  or  41-2/3  feet  (12.71  m.)  in  fresh 
water.  In  the  locks  it  is  nowhere  less,  when  the  pools  have  their 
normal  level.  To  provide  for  continuity  of  traffic  when  a  lock 
might  be  out  of  service,  and  to  facilitate  simultaneous  movement 
in  both  directions,  it  was  determined  to  build  the  locks  with  twin 
chambers,  side  by  side,  separated  by  a  middle  wall. 

Walls:  Concrete  was  adopted  as  the  material  of  the  walls. 
The  main  walls  of  the  locks  have  a  gravity  section,  not  depend- 
ing upon  reinforcement  for  stability.  Certain  of  the  wing  walls 
and  approach  walls,  as  well  as  certain  subsidiary  parts,  such  as 
operating  tunnels,  are  of  reinforced  concrete.  Above  the  level 
of  the  roof  of  the  culvert  the  main  part  of  the  middle  wall  con- 
sists of  two  retaining  walls,  the  space  between  being  back-filled 
with  earth  and  rock.  At  the  valve  chambers  and  gate  buttresses 
the  earth  fill  is  omitted,  and  the  wall  built  of  solid  concrete.  The 
further  details  of  the  masonry  design  are  described  in  another 
paper. 

The  freeboard  of  the  terminal  locks  of  the  summit  level  waa 
assumed  at  5  feet  (1.52  m.)  above  high  water  of  Gatun  Lake, 
placing  the  coping  of  upper  Gatun  and  Pedro  Miguel  locks  at 
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elevation  +92  feet  (+28.04  m.)  above  mean  tide.  The  assump- 
tion was  guided  by  the  thought  that  waves  of  some  height  might 
develop  in  Gatun  Lake,  and  that  floods  coming  down  the  Chagres 
might  bank  up  the  water  in  the  Culebra  Cut  from  Gamboa  to 
Pedro  Miguel.  The  stated  freeboard  places  the  sill  of  the  open- 
ing through  which  the  gate-operating  strut  protrudes,  1  foot  5^4 
inches  (0.45  m.)  above  the  Gatun  Lake  high  level  of  +87. 

At  Miraflores,  4  ft.  (1.219  m.)  freeboard  was  assumed  as 
sufficient  for  the  upper  lock,  as  the  level  of  the  small  lake  above 
can  be  regulated  rapidly;  and  no  waves  of  any  considerable 
height  can  develop. 

The  freeboard  in  the  intermediate  locks  of  the  Gatun  flight 
varies  with  the  size  of  the  lock  and  the  stage  of  water.  It  is 
approximately  5  feet  (1.52  m.)  in  ordinary  service.  At  Mira- 
flores some  water  must  be  wasted,  or  the  walls  of  the  lower  lock 
will  be  flooded,  at  certain  stages  of  the  tide,  by  the  prism  let 
down  from  the  upper  1000  or  900  ft.  lock. 

Crates :  Steel  was  adopted  as  the  material  for  the  gates,  the 
great  size  forbidding  the  use  of  timber.  The  shape  of  the  leaves 
in  vertical  elevation,  and  the  magnitude  of  the  pressures  which 
they  must  withstand,  indicated  that  the  type  of  the  gate  with 
vertical  members,  dividing  the  pressure  between  the  sill  and  a 
strong  upper  girder,  a  type  which  has  great  merit,  was  not  ap- 
plicable to  the  conditions  to  be  met ;  accordingly  the  main  mem- 
bers were  placed  horizontally,  with  a  sufficient  number  of  verti- 
cal girders  to  give  the  desired  rigidity.  The  horizontals  were 
designed  as  girders  rather  than  arches,  principally  because  of 
the  additional  unit  cost  of  curved  gates,  and  the  deeper  recesses 
which  they  would  have  demanded,  which  would  have  been  ob- 
jectionable, especially  in  the  middle  wall. 

Detailed  information  as  to  the  gates  is  given  in  another 
paper.  The  accompanying  illustration  (Fig.  1)  shows  the 
downstream  side  of  the  upper  gates  in  the  upper  lock  at  Gatun, 
under  a  head  of  70  feet  (21.34  m.)  against  the  upstream  face. 
The  leakage  at  the  gates  is  insignificant. 

There  are  92  gate  leaves  in  the  canal,  with  a  total  weight  of 
60,000  net  tons  (54,432  met.  tons).  If  piled  on  top  of  each 
other,  end  for  end,  they  would  make  a  tower  more  than  a  mile 
and  a  quarter  (1998.6  m.)  high. 
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Intermediate  Oates:  The  prisms  drawn  from  the  summit 
level,  at  each  lockage,  with  full  chambers  of  the  adopted  dimen- 
siona,  measure  nearly  4,000,000  cubic  feet  (113,200  e.  met.).  As 
the  water-supply  during  the  dry  season  may  be  small,  it  waa 
regarded  as  highly  important  to  reduce  the  loss  through  lockage 
ae  much  as  practicable.  To  this  end,  intermediate  gates  were 
planned,  to  divide  the  main  chamber  into  two  8hort«r  ones,  one 
of  which  might  be  used  with  vessels  of  ordinary  size.    These 
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intermediate  gates  were  introduced  in  all  the  locks,  except  the 
lower  Miraflores  lock,  where  tidal  conditions  rendered  them  inad- 
visable. In  the  upper  locks  of  each  flight  and  in  the  Pedro 
Miguel  lock  they  leave  available  chambers  550  feet  (167.6  m.) 
long  and  370  feet  (112.8  ra.)  long.  The  difference  of  80  feet 
(24.4  m.),  between  the  total  of  these  lengths  and  the  available 
length  of  the  single  lai^e  chamber,  is  lost  by  the  introduction  of 
a  fender  chain  to  guard  the  intermediate  gates.  By  using  one 
of  these  smaller  chambers,  a  considerable  saving  in  water  can 
be  effected. 
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As  a  precaution  against  the  obviously  disastrous  results 
which  would  ensue,  if  the  gates  separating  the  upper  and  lower 
pools  should  be  rammed  and  broken  down,  it  was  deemed  justi- 
fiable to  require  that  a  vessel  should  always  have  double  gates 
ahead  of  it,  at  points  where  the  destruction  of  the  barrier  might 
join  the  two  levels — ^that  is,  at  the  upper  and  lower  end  of  the 
upper  lock  in  each  flight,  and  of  the  Pedro  Miguel  single-lift 
lock.  While  the  destruction  of  a  gate  at  other  points  in  the  lock- 
flights  would  have  very  serious  consequences,  it  would  not  let 
the  upper  pool  down  into  the  lower  one.  The  duplication  of  the 
locks,  and  the  possibility  of  operating  with  chambers  of  different 
length,  provide  sufiBciently  against  the  consequences  of  accidents 
at  the  lesd  vital  points  of  the  system.  At  the  upper  end  of  the 
locks  mentioned  are  placed  the  guard  gates,  with  sill  on  top  of 
the  lift  wall,  and  the  upper  operating  gates,  with  sill  at  the  same 
level  as  the  sill  of  the  lower  gates,  that  is,  a  foot  or  two  above 
the  lock  floor.  The  full  length  of  1000  feet  (304.8  m.)  for  the 
entire  chamber  is  measured  from  the  fender  chain  above  the 
lower  gates  to  the  sofiBt  of  the  vertical  arch  of  the  lift  wall,  on 
which  the  upper  guard  gates  are  placed.  A  vessel  requiring 
the  full  1000  feet  (304.8  m.)  in  length  of  the  chamber,  on  a 
down-lockage,  would  be  stopped  with  its  bow  at  the  fender 
chain  above  the  lower  locks,  having  in  front  of  it,  in  the  direc- 
tion of  its  motion,  the  safety  and  lower  gates  at  the  foot  of  the 
lock.  The  stem  of  the  vessel  would  project  into  the  space  be- 
tween the  upper  operating  and  the  upper  guard  gates.  Only 
the  upper  guard  gates  would  be  closed  behind  the  vessel,  which 
would  have  available  a  chamber  1000  feet  (304.8  m.)  long.  On 
an  up-lockage,  on  the  other  hand,  the  lower  fender  chain  would 
necessarily  be  out  of  use  on  the  bottom  of  the  lock,  and  the 
vessel  would  have  available  a  chamber  extending  from  the  safety 
gates  below  to  the  upper  operating  gates  above,  viz,  1008.5  feet 
(307.4  m.),  measured  between  hollow'  quoins.  At  the  same  time, 
all  four  pairs  of  gates  would  be  in  use.  Placing  the  sill  of  the 
upper  operating  gates  near  the  floor  level,  rather  than  on  top  of 
a  lift  wall,  leaves  the  full  length  of  the  lock  to  the  upper  guard 
gate  still  available  when  needed  for  very  large  ships. 

The  chamber  with  length  of  908.5  feet  (276.9  m.)  between 
the  upper  operating  gate  and  the  lower  fender  chain  will  accom- 
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modate,  even  on  down-loekages,  vessels  of  the  largest  size  liable  to 
use  the  eanal  for  many  years;  so  that  both  upper  guard  gates 
and  upper  operating  gates  may  be  swung  at  practically  every 
down-lockage,  and  the  full  1000  feet  (304.8  m.)  prism  of  lift  will 
seldom,  if  ever,  be  taken  out  of  the  summit  level. 

It  is  possible  to  save  a  certain  amount  of  water  by  cross- 
filling  from  one  lock  to  its  twin  through  the  middle  wall.  This 
results  in  carrying  a  smaller  prism  of  lift  down  to  the  lower 
level,  and  consequently  reduces  the  available  depth  in  the  lower 
locks  of  the  flights.* 

With  the  summit  level  at  elevation  +85  ft.  (+25.91  m.), 
Miraflores  Lake  at  elevation  +54-2/3  ft.  (+16.67  m.),  and  the 
oceans  on  both  sides  at  mean  level,  or  elevation  +0.0,  the  prisms 
of  lift  of  the  locks  are  as  follows,  expressed  in  thousands  of 
cubic  feet : 


1 

2 

8 

4 

5 

6 

Gatan 

Pedro  Mlffael 

Miraflores 

Total  lo6s  from  summit  level t 

Lock 

Sum  of  Cols. 
2  and  4 

Col.  5  in 
second  feet 

1000  ft. 
900  ft. 
550  ft. 

3,545 
3,446 
2,300 

4,065 
3,730 
2,500 

3,716 
3,484 
2,690 

7,259 
6,930 
4,990 

84.0 
80.2 
57.8 

or,  expressed  in  cubic  metres: 

Col.  5  in 
metres* 
per  sec. 

304.8  m. 
274.3  m. 
167.6  m. 

100,325 
97,533 
65,090 

115,141 

105,569 

70,760 

105,175 
98,608 
76,138 

205,500 
196,141 
141,228 

2.378 
2.271 
1.636 

Sill  Levels:  The  sills  of  the  upper  guard  gates  are  placed 
from  one  foot  to  two  and  one-half  feet  (0.31  to  0.76  m.)  below  the 
bottom  level  of  the  pool  just  above  them,  and  are  thus  guarded 
against  blows  from  any  vessels  which  can  reach  them.    The  sills 

*  For  discussion  of  saving  due  to  use  of  intermediate  gates  and  cross- 
filling,  see  Annual  Report,  Isthmian  Canal  Commission,  1910,  pp.  65  et  seq. 

t  The  total  loss  is  measured  at  Gatun  and  Miraflores,  since,  at  the 
single-lift  lock  at  Pedro  Miguel,  the  consumption  can  always  be  cut  in  half, 
if  desired,  by  cross-filling  or  by  alternating  up-  and  down-lockages. 
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of  the  remaining  gates  are  placed  one  or  two  feet  (0.31  to  0.62  m.) 
above  the  general  floor  level  of  the  lock,  to  facilitate  circulation 
of  water  under  hulls  of  vessels  and  to  prevent  injury  from  small 
obstacles  which  may  fall  or  drift  into  the  chamber.  A  raised 
sill  of  concrete,  a  short  distance  above  the  miter  sill,  is  intended 
to  guard  the  latter  against  injury,  and  sumps  are  placed  imme- 
diately above  all  gates,  to  catch  sunken  objects  and  prevent  their 
lodging  against  the  sills. 

FUling  and  Emptying  System:  In  designing  the  system 
of  filling  and  emptying  the  locks,  the  chief  aim  was  to  secure  one 
which,  with  due  economy  in  construction,  would  permit  equali- 
zation of  levels  in  a  reasonable  time,  would  not  create  dangerous 
disturbance  in  the  locks  or  approaches,  and  would  not  allow 
excessive  waste  through  leakage.  Economy  made  it  desirable  not 
to  go  too  far  below  the  floor  level  with  any  part  of  the  system. 
The  other  considerations  required  a  very  large  flow;  an  unob- 
structed admission  and  discharge  in  the  fore-  and  tailbays;  a 
distribution  of  flow  over  the  horizontal  area  of  the  lock  cham- 
ber; and  the  use  of  reasonably  tight  valves,  with  possibility  of 
access  for  examination  and  repair. 

To  fill  or  empty  the  large  locks  in  fifteen  minutes  was  re- 
garded as  satisfactory  in  point  of  time.  With  reasonably  good 
flow  this  would  require  an  opening  of  at  least  three  or  four  him- 
dred  square  feet  (27  to  37  sq.  met.)  in  area  under  the  usual 
heads.  It  was  clearly  impracticable  to  pass  such  a  stream 
through  the  gates,  and  a  system  of  culverts  was  indicated.  After 
study  of  various  locations  for  the  main  culverts,  it  was  decided 
that  all  conditions  could  best  be  met  by  locating  them  in  the-  lock 
walls,  with  siaitable  auxiliary  culverts  for  distributing  the  flow 
throughout  the  lock  chamber. 

To  secure  a  reasonably  even  distribution  of  flow  when  filling 
the  lock,  it  was  thought  desirable  to  admit  water  from  culverts 
on  both  sides.  This  consideration  required  that  the  middle  wall 
should  be  prepared  with  culvert  discharge  into  either  lock  cham- 
ber. No  satisfactory  disposition  of  two  culverts  of  the  size  de- 
sired could  be  found  in  the  middle  wall,  without  increasing  the 
width  very  considerably  beyond  the  limits  required  for  stability. 
As  such  an  increase  would  necessarily  extend  through  the  full 
length  of  all  lock  chambers  and  middle  approach  walls,  it  would 
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have  entailed  serious  expense.  Accordingly,  it  was  determined 
to  adopt  for  the  middle  wall  a  single  culvert,  equipped  for  dis- 
charge into  either  lock  chamber  at  will. 

The  system  adopted  is  as  follows  (see  Plate  I) :  Near  the 
base  of  each  lock  wall  there  is  placed  a  culvert,  running  the 
entire  length  of  the  lock  flight  and  connecting  the  upper  and 
lower  pools.  The  main  culverts  communicate  with  the  chambers 
through  lateral  culverts,  at  right  angles  to  the  main  culverts, 
spaced  at  approximately  equal  intervals  along  the  length.  The 
laterals  run  under  the  chamber  floor  and  discharge  upward 
through  openings  spaced  uniformly  across  the  lock  floor. 

The  main  culverts  are  closed  by  valves  at  each  lift.  The 
laterals  from  the  side  wall  culverts,  which  communicate  with 
only  one  chamber,  are  open  freely.  The  laterals  from  the  middle- 
wall  culvert,  which  may  discharge  into  either  of  the  twin  lock 
chambers,  are  closed  by  individual  valves,  permitting  the  flow  to 
either  chamber  to  be  established  or  interrupted. 

The  main  culvert  valves  are  gate  valves  of  the  Stoney 
type,  moving  vertically  on  frames  of  live  rollers,  against  which 
they  are  pressed  by  the  operating  head.  This  type  was  chosen 
because  it  permitted  the  use  of  large  valves  under  high  head, 
without  too  great  friction ;  and  because  it  can  be  made  reason- 
ably watertight.  For  the  smaller  lateral  culverts,  where  the 
flow  may  come  from  either  direction,  cylindrical  valves  were 
chosen,  packed  with  leather  gaskets  against  exterior  and  in- 
terior pressure.  As  this  type  of  valve  is  balanced,  the  friction 
does  not  increase  with  the  head.  They  have  been  much  used 
in  the  United  States  as  the  main  valves  for  small  locks,  but 
have  been  used  there  only  when  the  head  is  always  on  the  same 
side.  With  careful  installation  they  can  be  made  very  tight, 
so  long  as  the  packing  lasts;  and  can  be  re-packed  readily,  if 
installed  in  an  accessible  position.  The  details  of  the  valves 
are  described  in  another  paper. 

The  side-wall  culverts  draw  from  the  upper  pool  through 
three  openings,  each  8  ft.  by  18  ft.  (2.44  m.  by  5.49  m.)  in  sec- 
tional area.  Each  opening  is  closed  by  one  Stoney  valve,  op- 
erated through  chains  by  a  winding  engine  above.  These 
valves  are  called  guard  valves,  but  may  be  used  for  operating 
the  lock,  in  case  the  operating  valves  next  below  them  should 
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be  out  of  commission  for  any  cause.  Screens  are  placed  above 
the  guard  valves,  to  prevent  drift  from  entering  the  culvert. 
All  the  other  Stoney  valves  are  operated  through  a  rigid  stem, 
raised  and  lowered  by  a  cross-head  actuated  by  screws.  Except 
at  the  entrance,  the  main  culvert  valves  are  installed  in  pairs, 
each  closing  one-half  of  the  culvert,  which  divides  at  the  valve 
chambers  into  two  branches  separated  by  a  central  pier.  Each 
branch  is  8  ft.  by  18  ft.  (2.44  m.  by  5.49  m.)  in  cross  section. 

The  valves  above  each  lift  wall  are  installed  in  duplicate, 
one  set  being  raised  out  of  the  way  and  held  in  reserve,  while 
the  other  is  in  use.  The  guard  valves  form  one  of  the  sets 
which  separate  the  upper  chamber  from  the  upper  pool,  the  set 
next  below  being  used  ordinarily  in  operating  the  lock.  The 
side-wall  culverts  have  each  a  set  of  valves  above  the  inter- 
mediate gates,  to  permit  the  use  of  the  smaller  chambers  into 
which  these  gates  divide  the  main  chamber.  These  valves  are 
not  needed  in  the  middle  wall,  as  the  cylindrical  valves 
serve  to  establish  communication  with  the  smaller  chambers 
separately. 

The  middle-wall  culverts  draw  through  three  rectangular 
openings,  which  lead  from  the  forebays  on  each  side  and  are 
suitably  screened  against  drift.  These  openings  are  each  8  ft. 
by  15  ft.  (2.44  m.  by  4.57  m;)  in  dimensions,  and  are  provided 
with  slots  in  which  regulating  valves  can  be  installed,  in  case  it 
should  be  found  that  the  cross-draught  creates  too  much  dis- 
turbance in  the  forebay  of  one  lock  while  the  other  is;  being 
filled.  The  masonry  has  been  prepared  to  receive  the  machinery 
of  these  valves,  which  may  be  so  arranged  as  to  balance  each 
other,  and  close  the  openings  on  one  side  while  the  others  are 
left  open. 

The  discharge  of  the  middle  culvert  is  similar  to  the  intake, 
but  without  screens.  Here,  also,  provision  has  been  made  for  the 
installation  of  balanced  regulating  valves,  which  will  probably 
be  necessary  when  the  volume  of  shipping  becomes  sufficient  to 
require  simultaneous  operation  of  both  locks. 

Access  may  be  had  to  the  interior  of  the  main  cidverts, 
through  wells  from  the  coping,  and  tunnels  at  or  near  the  floor 
level.  Above  the  upper  gate  there  is  one  well  or  shaft  3  feet 
(0.92  m.)  in  diameter,  leading  into  each  of  the  three  main  cul- 
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verts.  Below  the  upper  gates  the  side-wall  culverts  have  open 
tunnels  7  ft.  by  3  ft.  (2.13  m.  by  0.92  m.),  leading  from  the 
floor  of  the  lock  into  the  valve  chambers  above  the  intermediate 
gates  and  above  the  lower  gates,  there  being  two  such  tunnels 
in  each  chamber.  The  middle-wall  culverts'  have  also  openings 
into  the  lock  chambers,  at  the  level  of  the  floor  of  the  culvert,  or 
10  to  101/2  ft.  (3.05  to  3.20  m.)  above  the  floor  of  the  lock.  These 
openings  are  closed  by  tight  bulkheads,  and  are  12  ft.  by  5  ft. 
(3.66  m.  by  1.52  m.)  in  clear  dimensions,  or  large  enough  to 
admit  any  part  of  a  cylindrical  valve.  There  are  two  such  tun- 
nels leading  into  the  middle  culvert  of  each  lock,  one  from  the 
chamber  on  each  side.  It  is  not  intended  to  remove  the  bulk- 
heads except  in  case  of  damage  to  one  of  the  valves.  For  ex- 
amination of  the  culvert,  access  can  be  had  through  vertical 
shafts,  similar  to  those  in  the  side  walls,  which  lead  from  the 
coping  to  the  tunnels  just  mentioned. 

Between  the  intake  and  the  upper  set  of  Stoney  valves,  each 
main  culvert  has  a  sectional  area  of  333  sq.  ft.  (30.94  sq.  m.), 
with  flat  floor  and  arched  roof.  At  the  valve  chambers  the  two 
branches  of  the  culvert  have  a  total  sectional  area  of  288  sq.  ft. 
(26.76  sq.  m.).  Between  valve  chambers  the  side-wall  culverts 
are  circular  in  cross  section,  with  radius  of  9  ft.  (2.74  m.)  and 
area  of  255  sq.  ft.  (23.69  sq.  m.).  The  middle- wall  culvert  re- 
tains the  form  with  flat  floor  and  arched  roof,  with  total  sectional 
area  of  255  sq.  ft.  (23.69  sq.  m.). 

Each  side  culvert  communicates  with  the  lock  chamber 
through  eleven  laterals.  The  middle-wall  culvert  has  ten  lat- 
erals on  each  side. 

The  cross  section  of  the  laterals  is  elliptical,  with  sectional 
area  of  41  sq.  ft.  (3.80  sq.  m.).  The  throats  of  the  laterals, 
where  they  lead  from  the  main  side  culverts,  have  edges  rounded 
oflE  to  a  maximum  sectional  area  of  55  sq.  ft.  (5.11  sq.  m.).  The 
throats  of  the  laterals  from  the  middle-wall  culvert  are  formed 
by  the  bed-plates  of  the  cylindrical  valves,  and  are  circular  in 
plan,  with  a  minimum  section  of  33.2  sq.  ft.  (3.08  sq.  met.),  en- 
larged by  rounding  the  edge  to  permit  freer  flow.  The  openings 
from  the  laterals  into  the  chamber  have  a  minimum  sectional 
area  of  12.24  sq.  ft.  (1.14  sq.  met.),  also  with  rounded  edges  to 
facilitate  flow  in  either  direction.    There  are  five  such  openings 
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in  each  lateral.  The  course  of  the  water  in  filling  the  lock  with 
the  side  culvert  lies  through  (a)  iDtake,  432  sq.  ft.  (40.13  sq. 
met.) ;  (b)  large  culvert,  333  sq.  ft.  (30.94  aq.  met.) ;  (c)  valves, 
288  sq.  ft.  (16.76  sq.  met.) ;  (d)  main  culvert,  255  aq.  ft.  (23.69 
aq.  met.) ;  (e)  throats  of  laterals,  605  sq.  ft,   (56.20  sq.  met.) ; 
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(f )  laterals,  451  sq.  ft.  (41.90  sq.  met.) ;  (g)  outlets  in  floor  of 
chamber,  673  sq.  ft.  (62.52  sq.  met). 

For  the  middle  culvert  the  course  lies  through  (a)  intake, 
•360  sq.  ft.  (33.44  sq.  met.) ;  (b)  large  culvert,  333  sq.  ft.  (30.94 
sq.  met.) ;  (c)  valves,  288  sq.  ft.  (16.76  sq.  met.) ;  (d)  main  cul- 
vert, 255  sq.  ft.  (23.69  sq.  met.) ;  (e)  valves,  288  sq.  ft.  (16.76 
sq.  met.) ;  (f)  main  culvert,  255  sq.  ft.  (23.69  sq.  met.) ;  (g) 
cylindrical  valves,  332  sfq.  ft.  (30.85  sq.  met.) ;  (h)  laterals,  410 
sq.  ft.  (38.09  sq.  met.) ;  (i)  outlets  in  floor  of  chamber,  612  sq. 
ft.  (56.86  sq.  met.).  The  course  is  shown  diagrammaticaUy  in 
Pig.  2. 

Action  of  Water  in  Locks:  It  may  be  of  interest  to  note 
at  this  point  what  actual  results  have  been  reached  through  the 
design  just  described.  By  trial,  repeated  many  times,  it  has 
been  found  that,  with  normal  pool-levels  and  using  both  side 
and  middle  culverts,  it  takes  from  7.5  to  8  minutes  to  fill  the 
upper  900-ft.  (274.3  m.)  lock  of  a  flight,  or  the  Pedro  Miguel 
900-ft.  (274.3  m.)  lock;  6.5  to  7  minutes  to  equalize  consecutive 
locks  of  a  flight ;  7.5  to  8.5  minutes  to  empty  the  lower  lock  of  a 
flight ;  and  7.5  to  8  minutes  to  empty  the  Pedro  Miguel  lock. 

When  the  side  culvert  only  is  used,  with  both  valves  open, 
these  intervals  become  about  13.5  minutes,  12.5  minutes,  17.5 
minutes  and  15  minutes,  respectively. 

The  coefficient  of  flow  is  very  favorable  for  the  side-wall 
culverts.  For  example,  it  took  14.0  minutes  to  fill  Pedro  Miguel 
900.ft.  (274.3  m.)  lock  from  elevation  +50.9  (+15.51  m.)  to  ele- 
vation  +  84.4  (+  25.84  m.),  the  level  of  the  forebay.f  Of  this 
time  1  minute  was  occupied  in  raising  the  valve,  during  which 
time  the  area  of  cross-section  of  the  waterway  at  the  valves 
was  increasing  from  0  to  its  final  value  of  255  sq.  ft.  (23.69 
sq.  met.),  and  the  water  in  the  lock  was  observed  to  rise  from 
elevation  50.9  (15.51  m.)  to  elevation  51.7  (15.76  m.).  For  the  re- 
mainder of  the  time,  viz.,  13.0  minutes,  the  full  area  of  the  water- 
way was  available,  viz.,  255  sq.  ft.  (23.69  sq.  met.) ,  at  the  most  con- 
tracted point.  These  observed  data  give  a  value  of  the  coefficient 
of  flow,  for  the  time  when  the  entire  waterway  was  available — 

*  Assuming  one  side  closed  by  regulating  valves. 

t  See  Fig.  10  of  ' '  Hydraulics  of  the  Locking  Operations  of  the  Pan- 
ama Canal"  by  B.  V.  Whitehead. 
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If  the  entire  time  consumed  after  the  first  movement  of  the  valve 
be  reckoned,  leaving  out  of  consideration  the  fact  that  the  cul- 
vert does  not  reach  itsi  full  capacity  until  the  valve  is  raised,  the 
coefficient  still  remains  large,  having  the  value  of  c  «-  0.833. 
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This  result  is  much  better  than  had  been  anticipated,  and 
makes  it  possible  to  pass  vessels  without  undue  loss  of  time,  even 
when  only  the  side  culvert  is  available. 

For  the  middle  culvert  the  coefficient  is  less  favorable, 

*  In  formula  for  time  of  filling  single-lift  lock, 

i  =s  time  in  seconds 
A  =s  area  of  loek  in  plan 
^(V H—VH)  a=» cross-section  of  culvert 

H  =3  original  difference  in  level 
"h  =  remaining  difference  in  level 
g  *=  acceleration  of  gravity. 
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doubtless  because  the  flow  is  cramped  at  the  cylindrical  valves 
and  their  recesses.  At  the  upper  Qatun  lock  a  value  of  c  ^ 
0.587  was  found  as  the  mean  of  three  observations.  (Fig.  3.) 
A  rather  remarkable  result  is  found  when  the  chamber  is 
filled  through  the  side  culvert  only,  using  but  one  valve.   (Pig.  4.) 
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The  most  contracted  area  of  the  culvert  is  then  at  the  valve 

and  measures  144  sq.  ft.  (13.38  sq.  met.).    A  natural  prediction 

would  be  that  the  time  of  filling  would  be  increased,  over  that 

consumed  when  the  side  culvert  is  used  with  both  valves,  about 

255 
in  the  ratio  of  -r-rr> 

144 

It  actually  takes  18  minutes  to  equalize  Pedro  Miguel  lock 

from  Miraflores  Lake  level  of  +  51.5  ft.  (+  15.7  m.)  to  Gatun 

Lake  level  of  +  84.8  ft.   (+  25.84  m.)  through  the  one  valve. 

During  the  first  minute,  when  the  section  of  the  waterway  at  the 

valve  is  increasing  from  0  to  144  sq.  ft.  (13.38  sq.  met.),  the  water 

in  the  lock  was  observed  to  rise  from  +  51.5  ft.  (+  15.70  m.)  to 

+  53.0  ft.  (+  16.16  m.).    For  the  remaining  time  of  filling,  the 

value  is  found — 

2 X  123,000  xi/3L8       ,  ,^-  ^     ^, 

c  = -=-  =  1.1/7,  or,  greater  than  unity. 

17x60  X  144  xi/2flr 
If  the  entire  time  from  the  first  movement  of  the  valve  be  con- 
sidered, neglecting  the  diminished  area  of  flow  during  the  first 
minute,  c  will  be  found  equal  to  1.086,  or  still  greater  than  unity. 
It  appears,  therefore,  that,  during  the  time  of  filling  with  only  one 
valve,  the  average  velocity  through  the  most  contracted  section  of 
the  culvert  is  greater  than  that  due  to  the  head  producing  it.  This 
result  was  confirmed  by  observations  at  the  upper  Gatun  lock, 
where,  under  similar  conditions,  the  coefficient  c  was  found  to 
have  the  value  1.272,  when  corrected  for  the  time  while  the  valve 
was  rising. 

For  the  combination  of  side-wall  and  middle-wall  culverts, 
observations  indicate  values  about  as  follows : 

For  filling  upper  lock c  =  0.78 

For  equalizing  consecutive  locks c  =  0.60 

For  emptying  lower  lock  to  sea c  ==  0.69 

For  emptying  Pedro  Miguel  lock c  ^  0.79 

The  coefficient  for  equalization  between  consecutive  locks 
has  not  been  found  the  same  for  all  cases.  Repeated  observations 
indicate  that  it  takes  longer  to  equalize  the  same  diflEerence  in 
level  between  the  middle  and  lower  lock  at  Gatun  than  between 
the  upper  and  middle  lock,  perhaps  because  the  water  in  the 
lowest  chamber  is  denser,  having  more  sea  water  than  that  in  the 
middle  chamber.     The  conditions  are  otherwise  identical,  so  far 
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aa  we  know.    The  value  given  above  of  c  ^  0,60  is  an  approxi- 
mate mean  of  those  found  for  the  different  cases. 

The  flow  in  filling  the  lock  is  reasonably  uniform  over  the 
area  of  the  chamber,  even  when  only  one  culvert  is  used.  In  that 
case,  however,  it  is  noticeable  that  the  greatest  dischai^e  comes 
from  those  openings  in  the  laterals  which  are  farthest  from  the 
culvert  in  use.  Thus,  when  the  side-wall  culvert  is  used,  the  dis- 
charge is  very  evidently  greatest  from  the  openings  nearest  the 
middle  wall,  giving  a  slight  slope  to  the  surface,  which  tends  to 


draw  a  vessel  away  from  the  middle  and  toward  the  side  wall. 
This  is  not  strong  enough  to  prevent  holding  the  vessel  central 
in  the  lock  by  the  towing  locomotives,  aided  usually  by  hawsers. 
The  effect  of  the  side  pull  is  much  more  noticeable  in  the  lowest 
locks  of  the  Gatun  and  Miraflores  flights  than  it  is  in  the  upper 
ones.  When  the  lowest  locks  are  filled  from  the  side  culvert  only, 
the  locomotives  can  not  hold  a  large  vessel  central  in  the  lock, 
unless  aided  by  manila  lines;  and  sometimes  the  vessel's  chocks, 
through  which  the  towing  lines  are  passed,  suffer  damage  under 
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the  strain.  In  the  npper  locks,  however,  the  towing  locomotives 
have  little  difScnlty  in  keeping  the  vessel  central  during  filling 
from  one  side  only;  although,  as  a  measure  of  precaution,  manila 
lines  are  usually  held  in  readiness.  When  both  side  and  middle 
culverts  are  used  there  is  no  tendency  to  draw  the  vessel  to  either 
side,  and  the  water  surface  remains  sufficiently  quiet  to  suit  even 
a  small  boat.  In  no  case  has  any  tendency  been  noted  to  draw 
a  vessel  lengthwise  of  the  lock. 

Figure  4  of  Mr.  Whitehead's  paper  and  Pig.  5  illustrate  the 
operation  of  filling  through  the  side  culvert  and  through  both 
culverts. 

In  emptying  the  lock,  the  surface  remains  absolutely  placid, 
whether  one  or  both  culverts  are  used.* 

Auxiliary  Oulverts:  As  the  upper  locks  of  both  flights, 
and  the  Pedro  Miguel  lock,  have  double  gates  at  each  end,  some 
means  had  to  be  provided  to  regulate  the  water  levels  in  the 
spaces  between  these  gates;  otherwise  unequal  leakage  might 
cause  serious  trouble  in  operation. 

The  space  between  the  upper  guard  gates  and  the  upper 
operating  gates  is  connected  with  the  upper  pool  by  a  culvert' 5 
feet  (1.52  m.)  in  diameter,  and  with  the  lock  chamber  by  a  cul- 
vert 3  feet  (0.92  m.)  in  diameter.  These  culverts  are  in  the  side 
wall,  and  have  valves  so  arranged  that  the  space  between  the 
gates  may  be  made  part  of  the  upper  pool  or  of  the  lock  chamber. 
Either  of  the  two  upper  gates  may  therefore  be  used  in  locking, 
in  case  the  other  gates  are  out  of  commission ;  or,  as  is  usually 
the  case,  both  may  be  used,  one  gate  carrying  the  main  pressure. 

The  space  between  the  two  gates  near  the  lower  end  of  the 
lock,  which  are  called  the  ** safety  gates''  and  the  ''lower  gates", 
is  regulated  by  an  auxiliary  culvert  under  the  lock  floor,  known 
as  the  **T  culvert",  which  places  it  in  communication  with  the 
lock  chamber  above  the  gates,  the  connection  being  made  in  the 
side-culvert  below  the  lowest  lateral.  The  T  culvert  has  a  valve 
which  may  be  used  to  cut  off  this  communication,  in  case  it 
should  become  necessary  to  use  the  safety  gates  alone  as  the 
lower  barrier. 

It  is  observable  at  all  the  locks  that,  when  the  upper  valves 

*  For  more  extended  discussion  of  action  of  water  in  locks,  see  Pro- 
fessional Memoirs,  Corps  of  Engineers,  U.  S.  Army,  No.  31,  Jan.-Feb.,  1915. 
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are  opened  to  fill  the  chamber,  there  is  a  drop  in  level  of  the 
water  in  the  forebay.  This  drop  is  most  noticeable  at  Pedro 
Miguel,  doubtless  because  there  the  water  is  drawn  from  the 
canal  instead  of  from  a  lake.  It  has  been  observed  as  0.8  ft. 
(0.244  m.)  at  the  last-named  lock.  The  water  in  the  space  be- 
tween the  upper  gates  and  the  upper  guard  gates  does  not  respond 
instantly  to  this  drop,  and  there  is  consequent  reverse  pressure 
against  the  upper  guard  gates,  which  opens  them  slightly  at  the 
miter  posts.  This  condition  soon  ceases,  the  gates  close  again  and 
remain  closed  until  near  the  end  of  the  operation  of  filling.  The 
water  in  motion  in  the  culverts  continues  its  flow  after  the  head 
producing  it  has  ceased,  causing  the  water  in  the  lock  to  rise 
slightly  higher  than  the  water  above  the  gates.  Reverse  pressure 
is  then  produced  on  the  upper  operating  gates,  which  crack  at 
the  miter  posts.  Thus,  in  Fig.  10  of  Mr.  Whitehead 's  paper,  the 
original  level  of  the  water  in  the  forebay  was  +  84.8  (-|-25.84  m.). 
The  drop,  subsisting  to  the  end  of  the  operation,  was  0.8  ft.  (0.244 
m.) .  The  upper  operating  gates  cracked  when  the  level  in  the  lock 
reached  +  84.0  ft.  (+  25.60  m.),  but  the  flow  in  the  culvert  still 
continued  and  the  water  in  the  chamber  finally  rose  to  +  ^^-^  ft. 
(+25.91  m.),  two  tenths  of  a  foot  (0.061  m.)  higher  than  the 
original  level  of  the  water  in  the  forebay,  and  one  foot  (0.305  m.) 
higher  than  the  level  at  which  the  upper  gates  cracked  from  back- 
pressure. The  phenomenon  is  noticed  at  all  the  locks,  but  is  par- 
ticularly observable  at  Pedro  Miguel.  It  apparently  results  from 
the  over-travel  of  the  water  in  the  culverts,  and  is  not  to  be  con- 
founded with  the  wave  due  to  the  motion  of  the  water  in  the 
canal,  which  occurs  much  later.* 

The  space  between  the  safety  gates  and  the  lower  gates  feels 
a  marked  effect  upon  the  admission  of  the  water  through  the  side 
culvert.  When  the  T  culvert  is  unobstructed,  the  water  in  the 
space  rises  faster  than  that  in  the  chamber,  producing  back-press- 
ure on  the  safety  gates  and  opening  them  to  the  full  compression 
of  the  strut  springs  in  the  operating  gear,  parting  the  miter  posts 
about  six  inches.  This  condition  was  not  permissible,  and  the 
valve  was  therefore  used  to  throttle  the  culvert.  It  would  not  do 
to  throttle  it  too  much,  however,  since  then  the  water  between 
the  gates  would  lag  behind  the  water  in  the  chamber,  when  the 

•^e  p.  37,  and  Fig.  9. 
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latter  was  lowered,  and  would  again  produce  back-pressure 
against  the  safety  gates.  By  trial,  a  position  was  found  at  which 
the  space  between  the  gates,  controlled  by  the  valve,  would  fill 
more  slowly  than  the  chamber,  and  empty  faster.  Positive  press- 
ure would  therefore  be  maintained  on  both  gates  under  both  con- 
ditions ;  in  practice,  however,  it  is  usual  to  start  the  safety  gates 
to  open  before  lowering  the  level  of  the  water  in  the  chamber, 
and  after  the  vessel  has  been  brought  into  position  in  the  lock ; 
this,  because  otherwise  the  position  of  the  T  culvert  valve  would 
have  to  be  changed  according  to  the  number  of  main  culvert 
valves  to  be  used  in  emptying  the  lock.  In  filling  the  lock,  posi- 
tive pressure  on  the  safety  gates  can  be  maintained,  without 
changing  the  valve  according  to  the  number  of  main  culverts 
used. 

In  emptying  the  lower  locks  of  the  flights  and  the  Pedro 
Miguel  lock,  the  effect  of  over-travel  of  the  water  in  the  culverts 
is  also  noticeable.  The  water  in  the  lock  is  observed  to  lower 
beyond  the  point  where  the  pressures  on  the  two  sides  of  the 
lower  gates  equalize,  and  the  latter  tend  to  open  under  reverse 
pressure  from  the  tailbay.  Similar  effect  is  produced  in  equaliz- 
ing consecutive  locks  of  a  flight.  The  opening  of  the  gates  at 
the  miter  is  so  reliable  that,  in  operating  the  locks,  it  is  taken 
as  an  indication  of  the  proper  time  to  apply  the  power  to  the 
gate  opening  gear. 

Precautions  Against  Accident:  The  gravity  of  the  results 
which  might  follow  a  serious  accident  to  the  locks  or  gates  was 
regarded  as  warranting  the  adoption  of  extraordinary  precau- 
tions to  guard  against  the  occurrence  and  the  effect  of  such  an 
accident.  The  first  of  these  precautions,  viz.,  the  introduction 
of  double  gates  at  the  most  vital  points,  has  already  been  men- 
tioned. As  a  second  precaution,  the  gates'  at  the  approaches  and 
at  the  most  vital  points  are  guarded  by  fender  chains,  which  rest 
on  the  floor,  when  not  in  use,  and  are  raised  by  hydraulic  cylin- 
ders to  the  surface  of  the  water,  when  needed  as  a  protection. 
They  are  placed  above  the  upper  guard  gates,  the  middle  gates 
and  the  safety  gates  in  each  upper  lock,  and  in  the  Pedro  Miguel 
lock,  and  below  the  lower  guard  gates  of  all  locks.  It  is  expected 
that  they  will  absorb  the  energy  of  any  vessel  striking  them, 
before  the  gates  themselves  can  be  reached  by  the  blow. 
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The  chief  reliance  is  placed  upon  the  fact  that  vessels  are 
towed  through  the  locks,  the  motive  power  being  electric  locomo- 
tives running  on  tracks  in  the  coping  of  the  walls.  The  details 
of  the  towing  system  are  described  in  another  paper.  In  its 
practical  use  it  has  been  found  that  the  control  of  the  vessels  by 
the  locomotives  is  nearly  perfect,  and  that  passage  of  the  locks 
is  made  in  rather  less  time  than  had  been  anticipated.  A  vessel 
of  ordinary  size,  say,  5000  tons  net  register,  can  be  taken  through 
the  Gatun  flight  of  three  locks  in  60  to  70  minutes,  including  the 
time  used  in  making  fast  and  casting  off  the  towing  cables  and 
passing  out  of  the  last  lock.  The  towing  speed  of  two  miles  (3.22 
km.)  per  hour  is  well  suited  to  vessels  of  ordinary  size,  and  has 
proved  adequate  for  a  collier  of  19,000  tons  displacement.  For 
a  battleship  of  nearly  twice  that  tonnage  a  slower  speed  may  be 
desirable.  By  altering  the  connections  of  the  motors  on  some  of 
the  locomotives,  it  has  been  made  possible  to  tow  with  them 
either  at  one  mile  (1.61  km.)  or  at  two  miles  (3.22  km.)  per 
hour ;  and  the  corresponding  alteration  of  all  locomotives  is  now 
in  hand. 

The  practice  at  present  is  for  the  vessel  to  come  up  to  the 
middle  approach  wall  of  the  lock  at  very  slow  speed,  and  to  take 
the  lines  from  the  middle-wall  locomotives,  usually  without  com- 
ing to  a  stop  if  the  gates  are  open;  to  move  along  the  middle 
approach  wall  under  tow  and  with  the  aid  of  her  own  engines, 
taking  the  lines  of  the  side- wall  locomotives  by  means  of  hauling 
lines  passed  on  board  by  a  skiff ;  to  pass  through  the  locks  under 
tow,  being  held  near  the  center  by  the  locomotives  assisted,  if 
necessary,  by  manila  lines  on  each  side ;  and  to  drop  the  locomo- 
tives on  signal  after  the  last  gate  has  been  opened  and  steerage 
way  gained.  The  propeller  is  used  in  the  locks,  as  a  rule,  only 
in  starting  and  stopping,  when  it  relieves  the  strain  on  the  loco- 
motives very  advantageously.  Six  locomotives  are  used  in  gen- 
eral— three  on  each  side,  one  fast  to  the  bow,  one  nearly  amid- 
ships, and  one  at  the  quarter.  Many  lockages  have  been  made 
with  four  locomotives,  two  ahead  and  two  astern.*  The  writer 
believes  that,  except  for  very  large  vessels,  four  locomotives  will 
in  the  end  be  found  adequate. 

*  See  Figs.  20  and  21  of  ' '  Electrical  and  Mechanical  Installations  of 
the  Panama  Canal''  by  Edward  Schildhauer. 
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To  keep  the  towing  lines  of  the  locomotives  so  far  as  possible 
from  chafing,  the  apper  three  feet  of  the  wall  have  a  slope,  with- 
drawing the  edge  one  foot  from  the  plane  of  the  face.  The  e^e 
is  finished  as  an  arc  with  radius  of  6  inches. 

In  order  to  avoid  unnecessary  curves  in  the  towing  track, 
and  at  the  same  time  to  keep  it  as  near  the  edge  of  the  coping  as 
practicable,  it  is  carried  over  the  gate  recess  on  beams  corbelled 
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out  from  the  top  of  the  wall.  The  recess  cover  leaves  only 
enough  of  the  top  of  the  gate  exposed  to  form  a  convenient  foot- 
path when  the  gates  are  closed.     (See  Fig.  6.) 

Snubbing  hooks  arc  inserted  in  the  faces  of  the  lock  walls, 
and  snubbing  posts  and  buttons  in  the  coping.  The  posts  are 
placed  in  the  approach  walls  and  at  a  few  points  in  the  lock  walls, 
and  the  buttons  at  intervals  of  about  fifty  feet  along  the  walls. 

The  foregoing  precautions  have  been  taken  to  prevent  acci- 
dent. A  further  safeguard  in  the  form  of  the  emergency  dam 
has  been  introduced,  to  minimize  the  effect  of  an  accident,  should 
one  occur. 

Above  the  upper  guard  gate  at  each  lock  is  placed  a  draw- 
bridge, which  can  be  swung  across  the  lock,  and  which  carries 
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wicket  girders  pivoted  to  the  horizontal  truss  system  at  their 
upper. extremities.  These  girders  can  be  lowered  until  the  lower 
ends  rest  in  a  sill  prepared  for  them  in  the  floor  of  the  forebay; 
and  upon  the  runway  thus  formed  by  their  upstream  flanges, 
panel  gates  can  be  lowered,  closing  the  waterway  progressively. 
The  details  of  the  structure  are  described  in  another  paper.  The 
object  is  to  check  the  flow  which  would  take  place  through  the 
lock  were  the  gates  to  be  carried  away.  One  dam  has  been  tested 
with  the  full  head  against  it,  and  has  shown  leakage  which  would 
not  prevent  the  closing  of  any  gate  below  it. 

The  middle  wall  of  each  lock  flight  is  prolonged  up  and 
down  stream,  to  form  a  quay  for  vessels  to  moor  against,  or  to 
touch  when  approaching  to  take  the  tow  lines.  At  Miraflores  and 
Pedro  Miguel  these  approach  walls  extend  1200  feet  (365.76  m.) 
beyond  the  angles  of  the  splay  of  the  side  wall,  which  limit  the 
forebay  and  tailbay.  At  Gatun,  on  account  of  conditions  of 
foundation,  the  walls  were  shortened  to  1000  feet  (304.80  m.) 
beyond  the  fore  and  tailbays.  The  outside  ends  of  the  approach 
walls  are  provided  with  fender  cribs,  or  floating  fenders  secured 
to  piles;  and  the  entire  wall  is  provided,  along  both  faces,  with 
two  lines  of  fender  timbers  resting  against  springs  held  in  cast- 
ings set  in  the  concrete. 

Operating  Machinery:  The  details  of  the  different  ma- 
chines are  described  in  a  separate  paper.  Here  it  is  necessary 
to  mention  only  certain  salient  features.  All  the  machines  are 
operated  electrically,  and  will  ultimately  use  power  generated 
at  the  Gatun  spillway.  The  lock  machines  are  placed  in  cham- 
bers below  the  coping  level,  opening  on  operating  tunnels,  of 
which  there  is  one  in  the  back-fill  of  each  wall,  running  the  entire 
length  of  the  lock  flight.  All  maintenance  and  repair  work  can 
be  performed  under  shelter,  and  the  coping  of  the  walls  is  free 
from  encumbering  machinery.  The  operating  tunnels  are  in 
three  stories — the  highest  for  communication,  the  middle  for  the 
electric  cable  ducts,  and  the  lowest  for  drainage. 

The  machines  for  moving  the  valves  and  fender  chains,  and 
for  moving  and  locking  the  gates,  are  habitually  operated  by  re- 
mote control  from  a  central  control  house,  placed  at  the  lower 
end  of  the  upper  lock.  Dummy  indicators  at  the  control  boards 
show  the  response  of  the  different  machines  to  the  action  of  the 
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operator.    Means  are  also  provided  for  operating  by  local  control 
installed  at  the  individual  machines. 

The  control  house  operates  machines  as  follows : 

At  Gatun  204 

At  Pedro  Miguel  108 

At  Miraflores  146 

At  each  locality  there  are  also  28  machines,  at  the  emer- 
gency dams,  which  are  not  operative  from  the  lock  control 
board. 

Leakage  Through  Gates  and  Valves:  Careful  measure- 
ments have  been  made  of  the  total  loss  to  the  summit  level  by 
leakage  through  the  gates  and  valves  of  the  locks  and  spillway. 
At  the  locks  the  measurements  were  made  by  observing  the  rise 
or  fall  of  the  water  in  the  chambers  at  upper  Gatun  and 
Pedro  Miguel,  when  the  gates  and  main  culvert  valves  were 
closed,  the  water  being  at  the  low  or  high  level,  and  the 
twin  chambers  in  communication  through  the  cylindrical  valves 
of  the  middle  wall.  In  this  way  the  leakage  through  the  upper 
or  lower  gates  and  valves,  under  the  known  head,  can  be  accu- 
rately determined.  At  the  spillway  the  flow  in  the  channel  below 
the  concrete  dam  was  collected  into  a  narrow  stream,  by  meanai 
of  a  low  earth  dam,  and  the  stream  was  measured  as  it  passed 
over  a  weir.  The  leakage  from  the  summit  level,  as  thus  de- 
termined under  operating  heads  of  30  and  59  feet  (9.14  and  17.98 
m.)  is — 

At  GatQn  locks  5.93  sec.  ft.  (0.1679  m'  per  sec.) 

At  Pedro  Miguel  lock 4.99   '*     '*    (0.1413  "     *'     " 

At  Gatun  spiUway   3.65    '*     **    (0.1033  '*     ''     ** 

Total  *  14.57  sec.  ft.  (0.4125  m*  per  sec.) 

In  the  preliminary  estimates  of  the  water  supply,  the  loss 
through  leakage  was  assumed  at  275  second  feet  (7.78  m'  per 
sec.). 

The  lock  gates  are  surprisingly  tight  at  the  posts  and  sill. 
(See  Fig.  1.)  The  closure  at  the  posts  is  of  steel  against  steel. 
At  the  sill  it  is  wood  against  wood,  with  a  specially  devised 
rubber  packing. 

Floating  Gaisson:  The  lock  chambers  may  be  unwatered 
for  examination  and  repair,  by  using  the  guard  gates  as  coffer 
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dams.  The  outside  faces  and  bottoms  of  these  gates,  their  sills, 
and  the  sill  of  the  emergency  dam  would,  however,  still  be  inac- 
cessible. To  reach  these  parts  a  special  floating  caisson  was  built, 
for  which  seats  are  prepared  in  the  fore-  and  tailbays,  outside  the 
sills  of  the  emergency  dams  and  lower  guard  gates.  The  caisson 
is  provided  with  a  pumping  plant  having  a  capacity  of  52,000 
gallons  (198  m*)  per  minute,  calculated  to  un water  the  Mira- 
flores  lock  flight  from  mean  tide  to  sill  level  in  twenty-four  hours, 
liberal  allowance  being  made  for  leakage. 

The  main  culverts  may  be  unwatered  with  the  assistance  of 
bulkheads  prepared  for  installation  in  the  screen  recesses  of  the 
intakes,  and  in  special  recesses  at  the  outlets. 

Setting  Temperatures  of  Ooncrete:*  Electrical  thermom- 
eters were  buried  in  the  massive  concrete  of  the  east  and  middle 
wall  of  the  upper  lock  at  Gatun.  Records  of  the  temperature 
were  kept  for  14  months,  readings  of  four  instruments  being 
taken.  The  maxima  temperatures  ran  from  127**  to  132''  F., 
and  were  observed  between  seven  and  eighteen  days  after  laying 
the  concrete.  The  temperature  thereafter  continued  to  fall  for 
about  one  year,  final  values  of  80**  to  85°  being  reached  in  11  to 
13  months  after  placing  the  instruments. 
Local  Differences  in  Design  of  Locks: 

While  the  general  features  of  the  design  are  the  same  at  al] 
locks,  there  are  points  of  difference,  due  to  local  circumstances, 
which  merit  remark : 

Oatun  Lock,  Special  Features  (Plate  I):  The  upper 
lock  has  greater  horizontal  area  than  the  others,  owing  to  the 
double  gates  at  both  ends.    The  areas  may  be  stated  as  follows : 

Lock                         1000  ft.  900  ft.              550  ft. 

Upper 134,000  123,000  82,500  sq.  ft. 

Middle   121,000  121,000  80,500  "    " 

Lower  121,000  121,000  80,500  "    '' 

or,  in  metric  units: 

Lock  304.8  m.  274.3  m.  167.6  m. 

Upper  12,450  11,430  7,665  sq.  m. 

Middle   11,240  11,240  7,480  *'    '* 

Lower  11,240  11,240  7,480  *'    " 

The  total  lift  of  the  lock  flight  may  vary  from  88  ft.  (26.82 
m.)  to  81  ft.  (24.69  m.). 

*  See  Annual  Beport,  Isthmian  Canal  Commission,  1911,  p.  118. 
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With  high  lake-level  of  +  87  ft.  (+  26.52  m.)  and  low  tide 
of  — 1.0  ft.  ( — 0.31  m.),  the  lifts  of  the  individual  locks  are: 

Lock  1000  ft.         900  ft.  550  ft. 

Upper  27.38  29.02  28.22 

Middle    30.31  29.49  28.89 

Lower   30.31  29.49  28.89 

or,  in  metric  units : 

Lock  304.8  m.       274.3  m.       167.6  m. 

Upper  8.35  8.85  8.60 

Middle    9.24  8.99  8.81 

Lower  9.24  8.99  8.81 

The  dimensions  and  elevations  of  the  different  parts  are  as 
shown  on  Plate  II. 

The  bed  of  the  foundation  of  the  upper  part  of  the  lock 
flight  at  Gatun  is  less  favorable  than  that  of  the  other  locks,  but 
is  of  ample  strength  for  the  load,  and  was  pronounced  satisfac- 
tory by  a  Board  of  Consulting  Engineers  which  examined  it  in 
1907.  The  material  underlying  the  forebay  and  upper  part  of 
the  upper  lock  was  soft  sandstone,  which  had  to  be  excavated  to  a 
depth  considerably  greater  than  that  needed  for  navigation,  in 
order  to  secure  a  reliable  foundation.  Even  at  the  final  depth  it 
was  found  permeable  to  water ;  and  it  was,  therefore,  thought  pru- 
dent to  guard  against  the  pressure  from  the  lake  which  might  de- 
velop under  the  floor.  A  trench  was  excavated  through  the  water- 
bearing stratum  across  the  lock  pit  just  above  the  sill  of  the 
emergency  dam,  and  down  the  lock  just  back  of  the  side  walls, 
as  far  as  the  intermediate  gates.  The  trench  was  filled  with  con- 
crete, making  a  cut-off  wall  6  ft.  (1.83  m.)  or  more  thick.  (See 
Plate  I.)  Below  the  intermediate  gates  the  side  walls  were  back- 
drained  with  broken  rock.  Between  the  emergency-dam  sill  and 
the  upper-gate  sill,  the  floor  of  the  forebay  was  made  20  ft.  (6.10 
m.)  thick;  between  the  sills  of  the  upper  guard  gate  and  the  in- 
termediate gate  of  the  upper  locks,  the  floor  was  made  13  ft. 
(3.96  m.)  thick,  and  was  fastened  to  the  bed  with  discarded  steel 
rails  set  vertically  10  to  20  ft.  (3.05  to  6.10  m.)  deep  in  the  under- 
lying material.  Tests  of  these  rails  showed  great  anchoring  power, 
one  10  ft.  (3.05  m.)  deep  resisting  a  puU  of  237,750  lbs.  (107,844 
kg.)  without  movement.  Below  the  intermediate  gates,  where 
the  bed  is  a  conglomerate  rock  of  considerable  density,  the  only 
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precaution  taken  was  to  make  the  floor  3  ft.  (0.92  m.)  thick.  It 
was  intended  at  first  to  anchor  this  part  of  the  floor  with  rails, 
but  the  underlying  material,  when  uncovered,  seemed  good 
enough  to  warrant  omitting  the  anchors.  The  floor  of  the  middle 
lock  was  made  3  ft.  (0.92  m.)  thick,  and  that  of  the  lower  lock  1 
ft.  (0.31  m.)  thick,  the  last  being  drilled  with  weep  holes  at  inter- 
vals of  about  10  ft.  (3.05  m.) .  Small  sumps  were  excavated  below 
the  floor  in  six  places  in  the  upper  part  of  the  upper  lock,  and 
these  sumps  were  connected  freely  with  galvanized  iron  pipes 
placed  vertically  in  the  side  walls  of  the  lock.  These  were  in- 
tended as  tell-tales,  to  indicate  the  pressure  under  the  floor  by 
the  height  of  water  standing  in  the  pipe.  In  the  autumn  of 
1914,  with  the  lake  at,  say,  elevation  +85.0  ft.  (+25.91  m.), 
the  tell-tale  pipes  indicated  heads  of  from  20  to  40  feet  (6.10  to 
12.19  m.)  under  the  floor  at  the  sumps,  which  are  approximately 
at  elevation  +  0.0. 

The  middle  approach  walls  at  Gatun  are  placed  on  a  natur- 
ally poor  foiindation.  For  a  short  distance  above  the  forebay, 
the  south  approach  wall  rests  on  rock.  For  a  short  distance 
further  it  rests  on  piles  driven  to  rock,  and  beyond  that  it  rests 
on  piles,  driven  through  an  earth  fill  about  25  feet  (7.62  m.) 
thick,  into  the  soft  natural  ground  underneath.  The  portion 
which  rests  on  rock  or  on  piles  driven  to  rock  is  of  massive  con- 
struction, back-filled  with  earth  and  rock.  The  remainder  is 
cellular,  reinforced,  and  not  back-filled. 

The  wall  was  stopped  when  it  reached  the  bed  of  the  old  east 
diversion  channel,  on  account  of  the  expense  of  extending  it  over 
the  channel.  It  is  994.5  ft.  (303.1  m.)  long,  measured  from  the 
splay  of  the  wing  walls,  exclusive  of  the  timber  fender  crib. 

The  north  middle-approach  wall  rests  on  a  foundation  of 
piles  driven  to  rock  and  supporting  a  series  of  piers,  the  openings 
between  which  are  spanned  by  bridges  of  steel  girders  encased 
in  concrete.  The  spandrel  waUs  of  these  bridges  form  the  moor- 
ing faces  of  the  approach  wall,  and  are  protected  by  continuous 
fender  strips.  The  six  bays  of  the  wall  next  to  the  culvert  outlets 
are  provided  with  curtain  walls,  to  guard  against  excessive  local 
cross  currents  through  the  wall  from  one  forebay  to  the  other, 
when  one  lock  is  emptied. 

The  south  end  of  the  upper  approach  wall  is  protected  by  a 
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floating  timber  dolphin,  or  fender  crib,  stayed  by  piles  driven  into 
the  soft  bottom.  The  level  of  the  lake  may  vary  so  much  that  a 
floating  fender  was  desirable. 

The  north  end  of  the  lower  approach  wall  ia  protected  by  a 
timber  crib  resting  on  a  concrete  foundation,  25  feet  (7.62  m.) 
above  the  bottom.  The  foundation  consists  of  a  hollow  box  with 
massive  walls,  back-filled  with  earth.  Piles  driven  into  the  back- 
fill assist  in  anchoring  the  crib  to  its  foundation.  The  concrete 
foundation  rests  on  piles  driven  into  the  underlying  material. 

The  wing  walls  at  the  south,  or  upper,  end  of  the  side  walls 
are  provided  with  arched  openings,  intended  to  break  the  force 
of  waves;  during  southerly  winds,  and  thus  to  prevent  a  concen- 
tration of  wave  action  in  the  forebay,  which  might  otherwise  be 
caused  by  the  funnel  shape  of  the  approach.  Similar  precautions 
were  not  taken  at  any  of  the  other  approaches,  as  this  was  the 
only  one  where  troublesome  waves  were  to  be  expected. 

The  north  wing-walls  have  a  gravity  section.  The  side  walls 
of  the  locks  are  connected  with  the  dam  on  the  west,  and 
the  natural  hill  on  the  east,  by  curtain  walls  at  right  angles  to 
the  axis  of  the  lock,  one  at  the  intake  of  the  west  wall,  extend- 
ing into  the  dam,  the  other  at  the  middle  gate  buttress  of  the 
east  wall,  extending  into  the  natural  hill. 

The  side  wall  intakes  are  placed  with  their  sills  at  elevation 
-f  24'  .2  (4-7.38  m.),  well  above  the  bottom  of  the  forebay, 
which  is  at  elevation  -\-l^^  (4-4.27  m.).  Before  reaching  the 
first  rising-stem  valve  chamber,  the  bottom  of  the  culvert  drops 
to  elevation  4"  H'  -17  (4-  3.41  m.),  which  it  holds  all  through 
the  upper  lock.  The  deep  excavation,  necessary  to  reach  a 
good  foundation  in  the  forebay,  made  the  walls  there  the  same 
height  as  in  the  upper  lock.  It  was  therefore  desirable  to  place 
the  culvert  at  a  low  level  at  once,  for  economy  in  wall-section. 

The  culvert  level  drops  at  the  lift  walls  between  the  locks, 
the  bottom  reaching  elevation  — 48' 1/3  ( — 14.75  m.)  in  the 
lowest  lock. 

The  middle- wall  culvert  has  the  sill  of  its  intakes  at  elevation 
4-  24'  .2  (4-  7.38  m.),  and  the  floor  at  the  same  level  throughout 
the  upper  lock.  The  level  drops  at  each  lift,  the  floor  being  10.5 
and  10  feet  (3.20  and  3.05  m.)  above  the  floor  of  the  locks.  In 
the  tailbay  the  floor  level  drops;  to  elevation  —  50'  .0  ( — 15.24 
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m.))  and  the  culvert  discharges  through  three  openings  on  each 
side,  with  sills  at  that  level. 

At  Gatun,  as  well  as  at  Miraflores,  the  lowest  lock  discharges 
into  salt  water.  The  water  in  the  chamber,  when  the  latter  has 
been  filled,  is  partially  fresh.  It  follows  that  the  lower  gates 
divide  waters  of  different  densities,  and  that,  when  the  lock  is 
emptying,  the  pressures  on  the  opposite  faces  of  the  gates  will 
equalize  before  the  water  levels  do.  The  side  culverts  are  placed 
at  a  low  elevation,  the  axis  being  39  2/3  ft.  (12.10  m.)  below 
mean  tide.  In  theory  the  flow  through  the  culverts  should  cease 
when  the  unit  pressures  from  inside  and  outside  are  equal,  at 
the  culvert  level.* 

Galling  the  density  and  the  height  of  the  water  level  above 
the  middle  of  the  discharge  opening 

8  and  h,  above  the  gates,  and 
8'  and  h%  below  the  gates, 

then  the  unit  pressures  at  the  level  of  the  discharge  will  be  equal 
when 

The  pressures  against  the  two  faces  of  the  gates  will  be 
equal  when 

8(fe  +  fl)2^8/  {h'  +  ay 

a  being  the  distance  of  the  middle  point  of  the  discharge  above 
the  sill  of  the  lock.  In  one  of  these  expressions  h  and  /i'  enter  in 
the  first  power ;  in  the  other  they  enter  in  the  second  power.  One 
equation  may  be  satisfied  when  the  other  is  not.  It  appears  there- 
fore that  the  unit  pressures  at  the  discharge  may  equalize  and 
flow  cease,  while  the  pressures  on  the  two  sides  of  the  gates  are 
stiU  unequal. 

Analysis  indicated  that,  with  the  low  level  taken  for  the 
culverts  and  the  great  size  of  the  gate  leaves,  the  discharge  might 
cease  while  the  gates  were  still  kept  closed  by  a  force  entirely 
beyond  the  strength  of  any  practicable  opening  mechanism.  This 
residual  pressure  can  be  lessened  by  raising  the  culvert  level ;  and 
a  position  can  be  found  where  it  will  reduce  to  zero  for  given 
levels  and  densities  of  water  above  and  below  the  gates. 

*  For  analysis  of  effect  of  difference  in  density  of  water,  see  Annual 
Beport,  Isthmian  Canal  Commission,  1911,  pp.  85,  et  seq. 
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At  Gatun  (see  Fig.  7)  and  at  Miraflores  each  side  culvert 
at  the  lower  end  is  turned  upward,  discharging  through  an  open- 
ing in  a  horizontal  plane  at  an  elevation  such  that,  in  theory,  the 
total  pressure  at  mean  tide  on  the  gates  will  reduce  to  zero  at 
the  instant  when  the  unit  pressures  from  inside  and  outside 
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become  equal  at  the  culvert  axis.  This  should  bring  the  maxi- 
mum direct  and  reverse  pressures,  which  occur  at  high-  and 
low- water  respectively,  weU  within  the  strength  of  the  maneuver- 
ing gear.  No  precaution  was  taken  at  the  outlets  of  the  middle- 
wall  culverts. 
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Since  the  locks  have  been  in  operation,  no  difficulty  has  been 
experienced  in  maneuvering  the  lower  gates.  As  has  been  noted, 
(p.  23,  ante.)  the  water  continues  to  flow  through  the  culvert 
after  equalization  of  pressure  on  the  gates,  and  the  latter  open 
spontaneously  from  reverse  pressure,  usually  while  the  fresher 
water  in  the  lock  is  still  some  inches  higher  than  the  heavier  salt 
water  outside.  Whether  the  over-travel  of  the  water  flowing  in 
the  culverts  would  have  been  sufficient  to  equalize  the  pressure  on 
both  sides  of  the  gates,  had  the  discharge  been  placed  at  a  lower 
level,  as  at  Pedro  Miguel,  is  a  matter  for  speculation.  We  know 
only  that  the  trouble,  which  the  design  was  intended  to  obviate, 
is  not  felt ;  perhaps  because  of  the  form  given  to  the  outlet,  and 
perhaps  because  of  the  over-travel  of  the  water,  which  was  not 
anticipated  when  the  design  was  madef. 

The  difference  in  density  of  the  water  on  the  two  sides  of 
the  lower  gates  produces  one  marked  effect  which  is  worthy  of 
notice.  When  the  lower  lock  at  Miraflores  or  Gatun  has  been 
equalized  with  the  sea  and  the  gates  opened,  the  relatively  fresh 
water  in  the  lock  rushes  out  to  sea  on  top  of  the  relatively  salt 
water  in  the  channel  below.  An  outward  surface  current  is  gen- 
erated which  may  last  for  three  quarters  of  an  hour,  and  reach 
2  feet  (0.61  m.)  per  second.  It  is  accompanied  by  an  approxi- 
mately equal  inward  current  of  salt  water  in  the  lower  depths. 
These  currents  interfere  somewhat,  although  not  seriously,  with 
vessels  approaching  the  locks  from  downstream  soon  after  the 
gates  have  been  opened.  The  direction  and  intensity  of  the  cur- 
rents are  illustrated  by  Pig.  8. 

A  similar  effect  is  felt  when  the  gates  separating  two  lock^l 
in  a  flight  are  opened,  after  equalizing  levels.  The  fresher  water 
in  the  upper  lock  moves  downstream  on  top  of  the  saltier  water 
in  the  lower  lock  and  creates  a  surface  current  which  reaches  the 
lower  lock  gates.  Eventually  the  waters  arrange  themselves 
according  to  their  weight,  but  motion  continues  for  some  time 
and  is  felt  by  the  towing  locomotives  when  moving  a  vessel  from 
one  lock  to  the  other. 

Pedro  Miguel  Lock,  Special  Features  (Plate  TIL).* 
The  lift  of  the  Pedro  Miguel  lock  varies  with  the  levels  in  the 
Gatun  and  Miraflores  Lakes.     With  normal  levels  of   -|-  85 

*  See  also  Fig.  1  of  Mr.  Whitehead 's  paper. 
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(25.91  m.)  and  +  54  2/3  (16.67  m.),  the  lift  is  30 1/3  feet  (9.24 
m.) ;  but  it  may  reach  33  feet  (10.06  m.)  or  even  more,  if  Mira- 
flores  Lake  be  allowed  to  fall  below  its  usual  level  when  Gatun 
Lake  is  high.  The  areas  of  the  locks  are  the  same  as  for  the  upper 
lock  in  the  Gatun  flight.  The  dimensions  and  elevations  of  the 
different  parts  are  shown  on  Plate  III. 

The  foundation  is  on  rock  throughout,  but  the  rock  varies  in 
character  and  hardness.  A  dyke  of  trap-rock  extended  diagon- 
ally through  the  lock-pit,  being  within  the  limits  of  the  middle 
wall  from  the  upper  gates  nearly  to  the  safety  gates  at  the  lower 
end  of  the  lock.  A  core  of  this,  about  40  feet  (12.19  m.)  thick, 
was  left  unexcavated,  from  El.  + 10  ft.  (+  3.05  m.),  the  floor 
foundation,  to  about  El.  +  23.2  ft.  (-f  7.07  m.),  one  foot  (0.31 
m.)  below  the  floor  of  the  middle  culvert.  This  core  was  con- 
sidered sound  enough  to  incorporate  in  the  middle  wall  as  part 
of  the  mass  below  the  culvert,  and  a  considerable  saving  in  exca- 
vation and  concrete  was  thus  effected.  Neither  at  Gatun  nor 
Miraflores  was  the  rock  considered  sound  enough  to  warrant 
similar  action. 

The  lock  walls  rest,  in  part,  on  this  rock,  where  they  cross 
the  dyke,  but  are  founded  on  an  argillaceous  sandstone  for  the 
greater  part  of  their  length.  This  stone,  while  perishable  when 
exposed  to  the  air,  appears  to  be  permanent  when  covered  with 
water  or  concrete,  and  is  of  ample  strength  for  its  loads. 

The  bed  being  firm,  no  special  preparation  of  foundation  or 
strengthening  of  floors  was  deemed  necessary.  The  rock  was 
trenched  for  the  lateral  culverts,  and  the  floor  was  made  one  foot 
thick,  pierced  with  weepholes  about  10  ft.  (3.05  m.)  apart. 

The  middle  approach  walls  rest  on  argillaceous  sandstone. 
The  upper  wall  was  made  of  reinforced  concrete  of  cellular  con- 
struction, back-filled  with  any  obtainable  excavated  material.  It 
is  1200  feet  (365.8  m.)  in  length,  measured  from  a  point  oppo- 
site the  angle  of  the  splay  of  the  guide  wall.  The  lower  approach 
wall  was  made  of  massive  construction  for  about  one  thousand 
feet  (304.8  m.),  comprising  two  walls  of  gravity  section,  between 
which  back-fill  was  placed,  using  any  convenient  material.  The 
remainder,  about  two  hundred  feet  (61.0  m.),  could  not  be  built 
when  the  first  part  was  without  interrupting  certain  railroad 
communications  which  it  was  necessary  to  retain.    The  wall  was 
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not  completed  until  after  the  main  part  of  the  masonry ;  and  the 
added  length  was  made  of  reinforced  concrete,  cellular  in  con- 
struction and  back-filled.  As  completed,  the  wall  is  1200  feet 
(365.8  m.)  long,  measured  from  a  point  opposite  the  angle  of 
splay  of  the  wing  wall.  Both  north  and  south  approach  walls 
have  two  fender  strips  along  the  faces,  and  are  guarded  at  the 
ends  by  floating  timber  fenders  held  in  place  by  piles.  As  it 
was  not  practicable  to  drive  piles  into  the  rock  on  which  the  wall 
is  founded,  a  reinforced  concrete  box  or  caisson  was  constructed 
at  the  end  of  the  wall.  This  was  made  twenty  feet  (6.10  m.) 
high  above  the  bottom,  and  was  back-filled  with  earth  into  which 
the  piles  for  the  fender  are  driven. 

The  part  of  the  lock  walls  lying  above  the  first  rising-stem 
valve  chamber  is  founded  at  floor  level.  At  the  valve  chambers, 
the  foundation  must  be  lowered  in  order  to  give  sufficient  head- 
room for  the  rising-stem  valve  and  its  mechanism.  This  required 
trenching  in  the  foundation  for  the  walls,  from  just  above  the 
valve  chambers  to  the  upper  miter  sill.  The  culvert  consequently 
takes  two  drops  from  the  intake  to  the  chamber,  one  just  above 
the  valve  chambers  and  the  other  at  the  lift-wall.  It  continues 
horizontal,  with  lowest  line  at  El.  +  8.5  (-{-2.59  m.),  and  dis- 
charges in  prolongation  of  its  length  into  a  bay  at  the  lower  end 
of  the  wall,  the  boundary  walls  of  which  form  a  quadrant  of  a 
circle  in  plan.  The  discharge  is  baffled  and  turned  across  the 
tailbay  by  the  curved  wall.  The  discharge  bay  is  spanned  by 
an  inclined  arch,  in  continuation  of  a  similar  one  which  spans 
the  recess  for  the  lower  guard  gate.  These  sloping  bridges  were 
introduced  in  order  to  carry  the  towing  locomotives  over  the  lift 
from  the  lower  to  the  higher  level. 

The  bottom  of  the  middle-wall  culvert  continues  horizontal 
at  El. -f  24.2  ft.  (+ 7.38  m.)  from  the  upper  valve  chamber  to 
the  lower  gates,  where  it  drops  to  El. +  5.375  ft.  (-f- 1.64  m.). 
The  discharge  is  through  three  openings  on  each  side,  perpen- 
dicularly to  the  axis  of  the  locks. 

The  Pedro  Miguel  Lock  forms  the  south  end  of  the  Culebra 
Cut,  which  is  the  narrowest  part  of  the  canal,  being  300  feet 
(91.44  m.)  wide  at  the  bottom.  The  net  section  of  the  Cut,  with 
the  theoretical  slopes,  and  with  lake  level  at  El.  +  85.00  ft. 
(+25.91  m.),  would  contain  13,601.5  sq.  ft.   (1263  sq.  met). 


*  ^ 
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The  valves  when  opened  draw  at  a  maximum  rate  of  about 
13,000  sec.  ft.  (1207  met.  per  sec.),  which  would  give  a  current 
of  about  1  ft.  per  sec.  (0.305  met.  per  sec.)  in  the  Cut,  if  the 
water  were  supplied  as  fast  as  drawn.  The  conditions  would  be 
favorable  for  setting  up  surges  in  the  Gut  which  might  give 
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trouble.  In  the  effort  to  guard  against  these,  the  Canal  just  above 
the  lock  was  made  600  ft.  (182.88  m.)  wide,  reducing  to  300  ft. 
(91.44  m.)  at  a  point  about  3400  ft.  (1036  m.)  north  of  the  upper 
guard  gates.  A  basin  was  thus  formed  from  which  the  first 
draft  required  for  filling  the  locks  is  supplied. 

Figure  9  is  a  hydrograph,  taken  in  the  basin,  showing  the 
oscillation  of  the  water  when  the  lock  is  filled  through  one  cul- 
vert and  through  two  culverts,  the  usual  times  of  filling  under 
these  conditions  being  about  13.5  minutes  and  about  8  minutes 
respectively.  The  total  vertical  oscillation  measures  about  1.0 
ft.  (0.305  m.)  in  the  former,  and  1.25  ft.  (0.380  m.)  in  the  latter 
case.  This  is  of  smaU  moment.  The  effect  recurs  for  hours,  and 
is  felt  at  the  observation  station  at  Juan  Mina,  on  the  Ghagres, 
four  miles  (6.44  kilom.)  above  Gamboa  and  about  13  miles  (20.92 
kilom.)  from  the  lock,  and  outside  the  Culebra  Cut.  The  indica- 
tion on  the  hydrograph  there  is  made  about  45  minutes  after  the 
filling  valves  are  opened  at  Pedro  Miguel.  The  lockage  is  felt  at 
Gamboa,  through  9  miles  (14.49  kilom.)  of  practically  still 
water,  in  20  minutes.  The  effect  appears  to  take  25  minutes  more 
to  travel  4  miles  (6.44  kilom.)  against  the  current  of  the  Chagres 
River. 

The  rise  in  the  forebay  has  been  observed  some  inches 
higher  than  that  shown  jon  the  hydrograph,  which  is  taken  out- 
side the  forebay.  This  increase  is  probably  due  to  the  funnel 
effect  of  the  wing  walls. 

The  north  guide  or  wing  walls  at  Pedro  Miguel  are  of  mas- 
sive construction  and  gravity  section.  The  one  on  the  west  side 
has  at  its  north  end  a  return  or  curtain  wall  extending  into  the 
substance  of  the  dam,  and  forming  the  connection  on  that  side. 
On  the  east  side  a  similar  return  or  curtain  wall  forms  the  con- 
nection with  the  natural  hill. 

The  wing  walls  at  the  south  end  of  the  lock  are  made  of 
reinforced  concrete  resting  on  rock. 

Miraflores  Locks,  Special  Features  (Plate  IV) :  The  pool 
above  Miraflores  lock  flight  has  its  normal  level  54  2/3  ft.  (16.67 
m.)  above  mean  tide.  The  lower  pool  has  a  tidal  oscillation  which 
may  reach  a  maximum  assumed  at  20  feet  (6.10  m.).  The  lift 
of  the  lock  flight  may  therefore  vary  from  44  2/3  to  64  2/3  ft. 
(13.62  to  19.72  m.). 
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The  tidal  oscillation  complicated  the  design  seriously. 
Obvious  considerations  made  it  desirable,  if  not  necessary,  that 
the  main  features  of  the  locks  should  be  the  same  as  elsewhere  on 
the  canal,  and  practically  forced  the  adoption  of  an  upper  lock 
with  maximum  area  in  plan  of  134,000  sq.  ft.  (12,450  sq.  met.). 
A  lower  lock  of  the  adopted  horizontal  dimensions,  built  with 
walls  high  enough  to  accommodate  the  prism  of  lift  of  the  upper 
lock  at  low  tide,  would  have  its  walls  and  gates  flooded  by  that 
prism  at  high  tide ;  while,  if  built  to  accommodate  the  prism  of 
lift  at  high  tide,  the  resulting  height  of  the  gates  and  walls  would 
have  been  87.75  ft.  (26.746  m.)  above  sill  level.  It  was  not 
desired  to  undertake  the  construction  of  gates  so  much  larger 
than  those  in  the  other  locks ;  while  the  added  height  of  the  walls 
meant  additional  direct  expense,  due  not  only  to  the  height,  but 
also  to  the  accompanying  necessity  for  increasing  the  thickness 
of  the  middle  wall  as  well,  an  increase  which  would  have  extended 
through  the  entire  lock  flight.  The  possibility  of  gaining  suf- 
ficient capacity  without  raising  the  walls,  by  adding  to  the  length 
of  the  lower  lock,  was  considered,  but  the  idea  was  abandoned  on 
account  of  expense.  The  decision  finally  reached  was  to  build 
the  lowe|r  lock  of  the  same  dimensions  as  at  Qatun,  viz.,  1085  by 
110  ft.  (330.71  by  33.53  m.),  with  walls  of  height  sufficient  to 
retain  safely  the  prism  of  the  550-ft.  (167.7  m.)  upper  lock  at  all 
stages  of  tide,  and  of  the  900-ft.  (274.3  m.)  lock  at  mean  tide. 
This  entails  wasting  water  from  the  900-ft.  (274.3  m.)  lock  at 
stages  above  mean  tide,  or,  to  be  accurate,  above  +  0.32  (-f-  0.09 
m.),  and  from  the  1000-ft.  (304.8  m.)  lock  at  stages  above  —  2.15 
ft.  ( — 0.66  m.).  To  accomplish  even  this,  the  walls  and  gates 
had  to  be  built  82  ft.  (24.99  m.)  high  above  sill  level.  To  avoid 
risk  of  flooding  from  the  550-ft.  (167.4  m.)  lock  through  possible 
carelessness  in  operation,  it  was  deemed  advisable  to  leave  out 
the  intermediate  gates  of  the  lower  lock.  The  area  of  the  lower 
lock  in  plan  is  120,000  sq.  ft.  (11,148  sq.  met.).  The  dimensions 
and  elevations  are  given  on  Plate  IV. 

With  Miraflores  Lake  at  El.  -f  55  ft.  (+  16.76  m.),  and  sea 
at  low-level  of  — 10  ft.  ( —  3.05  m.),  the  lifts  are : 

Lock  1000  ft.         900  ft.         550  ft. 

Upper   30.71  32.10  38.52 

Lower   34.29  32.90  26.48 
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or,  in  metric  units: 

Lock  304.8  274.3       167.4  met. 

Upper  9.36  9.79  11.74 

Lower   10.45  10.03  8.07 

The  foundation  is  on  rock  of  varying  quality,  mainly  argil- 
laceous sandstone,  containing  a  good  deal  of  lime  in  places.  Prob- 
ably none  of  the  rock  would  last  well  if  exposed  to  the  air,  but 
some  was  firm  and  hard  when  first  uncovered,  and  of  suflSciently 
good  character  to  be  used  in  masses  in  the  thicker  portions  of  the 
floor,  although  not  in  the  walls.  Some  of  the  rock  was  poor  and 
decomposed  rapidly,  unless  promptly  covered  with  concrete  after 
exposure.  Even  the  poorest  variety  proved  upon  test  to  be  amply 
strong  to  carry  its  load. 

The  lock  walls  and  the  lower  approach  and  wing  walls  rest 
on  rock  directly.  The  upper  approach  wall  is  cellular  in  con- 
struction and  founded  on  cylindrical  caissons  of  reinforced  con- 
crete, sunk  to  rock  and  filled  with  concrete.  The  upper  wing 
walls  are  of  reinforced  concrete  founded  on  wooden  piles  driven 
to  rock. 

The  lower  approach  and  wing  walls  are  of  massive  construc- 
tion founded  on  rock. 

The  entrances  to  the  side- wall  culverts  are  at  El.  —  9.13  ft. 
( — 2.81  m.),  and  the  bottom  line  of  the  culverts  continues  at 
that  elevation  throughout  the  forebay,  dropping  at  the  upper 
miter  wall  to  El.  — 22.83  ft.  ( — 6.96  m.)  in  the  upper  lock  and 
—  53.5  ft.  ( — 16.31  m.)  in  the  lower  lock. 

For  the  same  reason  as  at  Qatun,  the  side  culverts  are  turned 
up  at  the  outlets  and  discharge  through  openings  in  a  horizontal 
plane  at  El.  —  25.0  ft.  (—  7.62  m.) . 

The  entrance  to  the  middle-wall  culvert  in  the  forebay  has 
the  sill  at  El.  —9.13  ft.  (—2.81  m.).  The  bottom  of  the  cul- 
vert continues  at  this  elevation  throughout  the  forebay  and  upper 
lock.  It  drops  to  El.  — 35.8  ft.  ( — 10.91  m.)  in  the  lower  lock, 
and  drops  again  below  the  lower  gates  to  El.  — 41.4  ft.  ( — 12.62 
m.),  the  elevation  of  the  sill  of  the  discharge  openings. 

The  upper  end  of  the  middle  approach  wall  is  protected  by 
a  timber  crib  or  dolphin  secured  to  piles  driven  into  the  lake  bed. 

The  lower  end  of  the  middle  approach  wall  is  protected  by  a 
timber  crib  resting  on  a  concrete  foundation,  which  is  similar  to 
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that  at  the  lower  end  of  the  Gatttn  flight,  except  that  it  rests  on 
rock  instead  of  piles. 

The  west  side  wall  of  the  locks  is  connected  with  the  dam 
by  a  core  wall  of  concrete,  extending  back  at  right  angles  to 
the  axis  of  the  lock,  and  behind  the  upper  gate  buttress.  The 
east  side  wall  is  connected  with  the  spillway  dam  by  a  return 
wall  above  the  culvert  intake. 

The  effect  of  the  difference  in  density  of  the  water  above 
and  below  the  lock  has  been  mentioned  in  describing  the  Gatun 
flight.  An  effect  which  is  more  noticeable  at  Miraflores  than 
Gatun  is  the  manner  in  which  the  salt  water  climbs  up  the  lock 
flight  and  appears  in  the  lake  above,  the  bottom  of  which  is 
above  high  tide.  In  diluted  form  some  is  brought  in  every  time 
the  upper  gates  are  opened;  and  by  October,  1914,  it  had  con- 
taminated the  lake  seriously,  the  lower  layers  of  water  showing 
1000  or  more  parts  of  chlorine  to  one  million.  No  effect  has  been 
noticeable  in  the  larger  Gatun  Lake,  but  doubtless  the  salt  water 
is  present  in  the  lower  strata. 

DESIGN  OF  DAMS. 

The  general  design  of  the  dams  will  be  treated  briefly,  as 
the  papers  written  by  the  Division  Engineers  in  charge  of  the 
construction  cover  the  important  features  at  length. 
Gatun  Dam. 

Location:  The  suggestion  that  Gatun  be  chosen  as  the 
site  for  the  dam  forming  the  northern  barrier  of  the  summit 
level  was  made  even  before  the  French  began  their  work  on  the 
sea-level  plan.  In  1879,  Mr.  Ashbel  P.  Welch,*  in  discussing 
interoceanic  canal  projects,  referred  to  the  possibility  of  closing 
the  Chagres  valley  by  a  dam  at  Gatun  **such  as  was  advocated  by 
Mr.  0.  D.  Ward";  and,  in  1904,  Mr.  C.  D.  Ward  brought  the 
project  up  again  tentatively  in  a  paper  presented  at  a  meeting 
of  the  American  Society  of  Civil  Engineers.!  The  site  was  also 
advocated  by  Major  C.  E.  Gillette,  in  a  plan  presented  by  him 
before  the  International  Board  of  Consulting  Engineers  in  1905 ; 
possibly  others  also  favored  it  before  its  adoption;  but  the 
French  selected  Bohio  as  the  site  for  their  main  dam,  when  the 

•  Transactions,  Am.  Soc.  C.  E.,  1879,  Vol.  VIII,  p.  311. 
t  Transactions,  Am.  Soc.  C.  E.,  1904,  Vol.  LIII,  p.  36. 
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change  wa£»  made  from  the  plans  of  the  first  French  Canal  Com- 
pany, although  not  intending  that  the  lake  to  be  formed  should 
necessarily  be  the  summit  level.  The  International  Board  of 
Consulting  Engineers  selected,  for  comparison  with  its  proposed 
sea-level  plan,  a  project  involving  a  dam  at  Gatun  with  a  summit 
level  60  feet  (18.29  m.)  above  mean  tide,  and  the  minority  of 
that  Board  in  its  report,  which  was  finally  adopted,  fixed  the 
location  at  that  place. 

Plan  of  Hinority  of  Board  of  1906 :  The  cross  section  pro- 
posed in  the  minority  report  is  shown  on  Plate  XIII,  Fig.  1  ac- 
companying the  article  by  Gen.  Sibert.  The  natural  surface  of  the 
ground  at  the  site  of  the  dam  was  generally  low,  say,  from  8  to  10 
feet  (2.43  to  3.05  m.)  above  mean  tide.  The  line  of  the  dam  crosses 
two  deep  gorges,  in  which  the  rock  is  found  at  a  depth  of  200 
and  260  feet  (60.96  and  79.25  m.)  respectively,  the  overlying 
material  being  a  clayey  marine  deposit,  soft  and  easily  moved, 
but  apparently  impervious  to  water.  The  very  flat  section  given 
to  the  dam  in  all  the  designs,  was  adopted  because  of  the  char- 
acter of  the  underlying  material,  which  made  it  necessary  to 
distribute  the  weight  over  a  wide  base,  and  avoid  any  abrupt 
change  in  the  unit  load. 

The  section  recommended  in  the  report  of  the  minority  of 
the  Board  of  1906  was  changed  somewhat  before  beginning  con- 
struction, as  the  result  of  preliminary  study,  the  upstream  slopes 
being  made  more  gentle. 

A  hill  on  the  eastern  side  of  the  valley,  in  which  the  lock 
flight  is  built,  forms  one  abutment  of  the  dam.  Near  the  mid- 
dle of  the  length  another  hill  was  found,  which  gave  good  foun- 
dation for  the  masonry  of  the  spillway.  Beyond  the  spillway 
were  several  small  hills  which  were  incorporated  in  the  body  of 
the  dam,  which  abuts  on  the  west  against  the  high  hills  forming 
the  western  edge  of  the  Chagres  valley. 

The  great  depth  of  soft  material  overlying  the  rock,  in  the 
gorges  which  the  dam  must  cross,  made  it  out  of  the  question  to 
carry  dpwn  to  the  rock  any  water-tight  core  or  diaphragm.  The 
plans  upon  which  work  began  in  1907  contemplated  a  central 
cut-off  of  wooden  sheet  piling,  at  the  places  where  the  dam  crosses 
the  then-existing  river  channels. 

The  first  work  consisted  in  dumping  two  embankments,  or 
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toes,  of  hard  rock,  parallel  to  each  other  and  1200  feet  (365.8  m.) 
apart ;  the  intention  being  to  raise  the  upstream  toe  to  El.  +  60 
ft.  (+18.29  m.),  and  the  downstream  toe  to  El.  +30  ft. 
(+  9.14  m.).  The  dam  was  connected  with  the  natural  surface 
by  clearing  the  bed  and  digging  a  trench  or  muck  ditch  in  the 
soft  material.  Where  the  trench  crossed  the  hills  in  the  west- 
em  part  of  the  dam,  the  excavation  was  carried  to  the  natural 
rock. 

Gonsulting  Board  of  1909 :  A  slip  which  occurred  in  1908 
in  the  south  toe  caused  the  appointment  of  a  second  Board  of 
Consulting  Engineers,  who  visited  the  Isthmus  in  1909,  and 
recommended  a  change  in  the  section*  of  the  dam,  placing  the 
crest  at  El.  +  115  ft.  (+  35.05  m).  The  upstream  surface  was 
to  have  a  paving  of  stone  10  feet  (3.05  m.)  thick,  and  the  top 
above  El.  +  100  ft.  (+  30.48  m.)  was  to  be  finished  to  El.  + 115 
ft.  (+  35.05  m.)  with  rock.    The  sheet  piling  was  omitted. 

Before  the  arrival  of  the  Board  on  the  Isthmus,  the  Division 
Engineer  of  the  Atlantic  Division  had  brought  up  the  question 
of  reducing  the  height  of  the  dam,  placing  the  crest  at  El.  +  105 
ft.  (+  32.0  m.),  instead  of  +  135  ft.  (+  41.15  m.),  as  originally 
proposed.  His  views  were  before  the  Board  when  the  report  in 
favor  of  a  crest  at  El.  +  115  ft.  (+35.05  m.)  was  made. 

On  the  section  proposed  by  the  Consulting  Board,  the  mini- 
mum bottom  width  of  the  hydraulic  fill  was  placed  at  760  feet 
(231.7  m.),  by  scale.  It  sloped  to  a  width  of  100  ft.  (30.5  m.) 
at  El.  + 100  ft.  (+  30.5  m.).  The  section  of  the  dam  outside 
the  hydraulic  fill  was  to  be  of  the  *' cheapest  filling  available", 
rock  15  ft.  (4.57  m.)  thick  being  prescribed  for  the  upstream  sur- 
face and  a  layer  of  rock  being  preferred  for  the  downstream 
surface.  As  construction  proceeded  in  accordance  with  the  gen- 
eral plan  above  outlined,  it  became  manifest  that  the  cheapest 
filling  available  was  the  material  furnished  by  the  dredges;  and 
that,  to  follow  the  plan  exactly,  might  result  in  having  the 
greater  part  of  the  dam  of  hydraulic  material,  with  an  insuf- 
ficient amount  of  dry  fill  to  hold  it  in  place,  especially  if  it  should 
not  consolidate  promptly.  Accordingly,  orders  were  given  to 
increase  the  amount  of  dry  fill,  lessening,  if  necessary,  the 
hydraulic  fill,  in  order  to  secure,  as  outside  limits  of  the  latter, 

*  See  Fig.  2  of  Plate  XIV  accompanying  article  by  W.  L.  Sibert. 
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banks  of  material  against  which  the  pressure  of  the  wet  fill 
before  its  consolidation  would  act  downward  rather  than 
upward. 

In  the  process  of  construction,  dredged  material  was  pumped 
between  the  ridges  of  hard  rock,  and  dry  material  was  dumped 
from  them,  inward,  on  top  of  the  dredged  material.  Various 
movements  of  the  substance  of  the  dam  indicated  the  advisabil- 
ity of  flattening  the  slopes  near  the  west  end,  and  of  omitting  the 
change  in  slope  at  El.  +90  ft.  (+27.43  m.),  continuing  the 
slopes  of  1  on  7.67  and  1  on  8  to  the  top  of  the  dam.  The  same 
movements  served  also  as  evidence  that  the  great  localized 
weight  of  the  stone,  proposed  for  the  upstream  surface  and  the 
top  of  the  dam,  in  the  section  recommended  by  the  last  Board 
of  Consulting  Engineers,  might  prove  objectionable,  by  causing 
movements  in  the  dam  or  in  the  soft  material  underlying  it. 
Accordingly,  the  armor  on  the  upstream  slope  was  reduced  to 
three  feet  (0.92  m.)  in  thickness  of  hard  rock,  laid  on  a  bed  of 
spalls,  and  extending  from  El.  +74.0  ft.  (+22.55  m.)  to  El. 
+  92.0  ft.  (+  28.04  m.) ;  and  the  rock  fill  on  top  of  the  dam 
was  omitted  altogether.  Dry  material  was  dumped  to  form 
the  exterior  masses  and  to  drive  the  more  plastic  dredged  mate- 
rial toward  the  center  and  to  raise  its  surface  level  at  the  same 
time.  Finally,  when  the  surface  of  the  dredged  material  was 
raised  nearly  to  the  required  height,  the  distance  between  the 
banks  of  dry  fill  was  about  25  feet  (7.62  m.).  The  top  of  the  core 
was  then  finished  with  red  clay,  well  puddled.  A  part  of  the 
north  slope  of  the  dam,  east  of  the  spillway,  was  also  modified 
from  the  original  plan,  by  omitting  the  change  in  slope  at  EL 
+  60  f t.  (+  18.29  m.),  and  carrying  a  uniform  slope  of  about 
1  on  11.11  from  El.  +30  ft.  (+9.15  m.),  to  the  top  of  the 
dam. 

The  general  plan  and  typical  cross  sections  of  the  dam  as 
finally  constructed,  are  shown  on  Plate  I  accompanying  Gen. 
Sibert's  paper*  and  Plate  V.  It  will  be  noted  that  effort  has 
been  made  to  avoid  sudden  changes  in  the  loading  on  the  soft 
foundation  or  lower  tiers  of  the  dam  itself,  such  as  would  be 
occasioned  by  abruptly  steepening  the  slopes,  or  by  local  masses 

*  Construction  of  Gatun  Locks,  Dam  and  Spillway  by  Brig.  Gen. 
W.  L.  Sibert. 
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of  heavy  material;  and  to  maintain  a  practically  uniform  rate 
of  increase  in  loading  from  the  edge  toward  the  middle  of  the 
base. 

The  dam  is  about  1%  miles  (2.40  km.)  long  and  about 
2300  ft.  (701.1  m.)  wide  at  the  widest  part  of  the  base. 

The  total  amount  of  material  in  the  dam  is  22,958,069  cu. 
yds.  (17,552,565  m»),  of  which  12,229,104  cu.  yds.  (9,349,261  m») 
is  dry  fill,  and  the  remainder  hydraulic  fill. 

Up  to  December,  1914,  when  this  paper  was  written,  and 
when  the  lake  had  been  standing  at  full  height  of  from  +  85 
to  +  87  feet  (+  25.91  to  +  26.52  m.)  above  mean  tide  for  one 
year,  the  dam,  after  its  completion,  had  shown  no  movement 
beyond  that  attributable  to  consolidation;  and  there  had  been 
no  appearance  of  leakage  or  underflow. 
Pedro  Miguel  Dam. 

Plan:  The  dam  at  Pedro  Miguel  is  of  earth  and  rock,  and 
forms,  with  the  lock,  the  southern  barrier  which  closes  the  old 
valley  of  the  Rio  Grande  and  restrains  the  Gatun  Lake,  or  sum- 
mit, level  of  the  Canal.  The  design  was  prepared  in  the  oflSce 
of  the  Division  Engineer  of  the  Pacific  Division,  and  is  illus- 
trated in  his  article.*  The  crest  of  the  dam  is  20  feet  (6.10  m.) 
above  the  normal  water  surface  of  the  summit  level.  The  mate- 
rial was  obtained  from  the  excavation  of  the  lock  pit  and  prisms 
above  and  below,  and  was  placed  by  dumping,  the  core  being 
of  selected  clay,  well  puddled. 

Foundation:  The  foundation  was,  in  general,  on  reason- 
ably hard  and  impervious  material,  and  required  no  preparation 
beyond  clearing,  except  at  the  crossing  of  the  old  bed  of  the  Rio 
Grande,  where  a  permeable  stratum  of  gravel  was  found  imme- 
diately over  the  rock.  This  required  excavating  a  muck  ditch  to 
the  rock  for  about  300  feet  (91.4  m.),  the  ditch  being  afterward 
re-filled  with  puddled  clay. 

The  dam  extends  from  the  upper  west  wing-wall  of  the 
lock — ^to  which  it  is  well  connected — ^to  a  hill  to  the  northward, 
and  forms  practically  an  extension  of  the  west  wall  of  the  lock. 
It  is  about  1400  feet  (426.7  m.)  long,  and  contains  699,518  cu. 
yds.  (534,800  m**)  of  material.    There  is  no  need  for  a  spillway 

*  Methods  of  Construction  of  the  Locks,  Dams  and  Regulating  Works 
of  the  Pacific  Division,  by  S.  B.  Williamson,  Plate  XL 
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connected  with  the  Pedro  Miguel  dam,  as  the  summit  level  can 
be  regulated  by  the  Oatun  spillway. 

The  barrier  to  the  east  of  the  lock  is  formed  by  the  core 
wall  described  in  connection  with  the  lock,  (page  40  ante.). 
Miraflores  Dam. 

Plan:  The  lock  and  dams  at  Miraflores  form  a  barrier 
closing  the  lower  Rio  Grande  valley  and  retaining  the  inter- 
mediate level  of  Miraflores  Lake,  which  normally  stands  at  El. 
+  542/3  ft.  (+  16.67  m.).  The  lake  receives  directly  the  flow 
of  the  Cocoli,  Pedro  Miguel,  Caimitillo  and  Cameron  rivers,  all 
small  streams  formerly  tributary  to  the  Rio  Grande.  In  the 
rainy  seasons  the  discharge  of  these  streams  may  be  consider- 
able, but  in  the  dry  season  it  reduces  to  a  small  amount,  not  suf- 
ficient to  make  up  for  the  evaporation  from  the  lake  surface  and 
the  small  leakage  through  the  locks  and  over  the  spillway.  The 
main  supply  of  the  lake  then  is  the  water  let  down  from  the 
summit  level  when  passing  vessels  through  Pedro  Miguel  lock. 
The  area  of  the  small  lake  is  only  1.65  sq.  miles  (4.27  km*).  One 
full  prism  of  lift  will  raise  or  lower  its  surface  0.12  ft.  (0.037  m.) 
from  its  normal  level. 

The  dam  at  Miraflores  locks  is  in  two  parts,  a  masonry  dam 
with  spillway,  east  of  the  locks,  and  an  earth  dam  west  of  the 
locks.  The  design  for  the  former  will  be  mentioned  later.  The 
design  for  the  latter  was  prepared  in  the  oflSce  of  the  Division 
Engineer  of  the  Pacific  Division  and  is  illustrated  on  Plate  XII, 
accompanying  his  article.* 

West  Dam:  The  dam  is  connected  with  the  west  lock  wall 
at  the  buttress  of  the  upper,  or  north,  gate,  and  runs  nearly 
south  and  nearly  parallel  to  the  lock  wall  against  which  it  abuts, 
being  connected  with  the  latter  by  a  concrete  core  wall  reaching 
to  rock.  It  was  made  by  pumping  material,  excavated  by  dredges 
from  the  lock  pit  and  channel  below  the  locks,  between  dumps  of 
spoil  excavated  in  the  dry  from  the  lock  pit  and  channel  above. 
It  containia  1,758,423  cu.  yds.  of  dry  material  and  about  630,000 
cu.  yds.  of  hydraulic  fill. 

The  crest  of  the  dam  is  at  El.  +  70  ft.  (+  21.34  m.),  or 
about  15  ft.  (4.57  m.)  above  the  normal  level  of  Miraflores  Lake. 

*  Methods  of  Construction  of  the  Locks,  Dams  and  Regulating  Works 
of  the  Pacific  Division,  by  S.  B.  Williamson. 
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It  is  about  2700  feet  (823.0  m.)  long,  measured  from  the  connec- 
tion with  the  lock  wall  to  the  abutment  at  Cocoli  Hill.  The 
foundation  is  compact  and  impervious,  except  where  it  crosses 
the  bed  of  the  Cocoli.  Here  a  muck  ditch  20  feet  (6.10  m.)  wide 
was  carried  down  to  rock  and  filled  with  puddle.  Elsewhere  the 
ditch  was  made  12  feet  (3.66  m.)  wide  and  served  to  bond  the 
hydraulic  fill  of  the  dam  with  the  natural  surface. 

GENERAL  DESIGN  OF  SPILLWAYS. 

Gkiton  Spillway. 

Considerations  Governing  Design :  The  object  of  the  spill- 
way at  Gatun  is  to  regulate  the  level  of  the  lake  and  permit  the 
passage  of  floods  without  injury  to  the  dam  or  locks.  As  the 
crest  of  the  dam  is  12  feet  (3.66  m.)  above  the  terreplein  of  the 
upper  locks  at  Gatun  and  of  the  Pedro  Miguel  lock,  it  is  clear 
that  the  destructive  effect  of  a  flood  would  be  felt  first  in  the 
overflow  and  washing  out  of  the  back-fill  of  the  locks;  and  this 
would  occur  at  any  stage  above  El.  +  92  ft.  (+  28.04  m.).  Fur- 
thermore, minor  injury  to  the  operating  mechanism  would  be 
liable  to  occur  at  a  lower  level,  since  water  can  enter  the  machin- 
ery chamber  of  the  upper  guard  gates  at  stage  3^  feet  (1.07 
m.)  below  the  coping.  It  appears,  therefore,  that  the  spillway 
at  Gatun  should  be  of  dimensions  such  that  the  lake  can  be  kept 
at  all  times  below  the  level  of  -+-  92  ft.  (+  28.04  m.),  and  pre- 
ferably below  the  level  -f  88.5  ft.  (+  26.97  m.). 

Before  1907,  estimates  of  the  flood  discharge  of  the  Chagres 
River  were  based  on  records  of  observations  taken  at  Bohio, 
Alhajuela  and  elsewhere.  Until  the  closing  of  the  Chagres  River 
at  Gatun,  actual  measurements  of  the  discharge  at  that  place 
were  not  satisfactory,  owing  to  the  sluggish  flow  and  the  influence 
of  the  tide.  The  early  measurements  indicated  that  the  prob- 
able value  of  the  discharge  at  Gatun  was  1.62  times  that  observed 
at  Bohio.  Applying  this  relation  to  the  measurements  taken  at 
Bohio  during  the  flood  of  1906  (the  greatest  about  which  authen- 
tic records  are  available),  a  maximum  momentary  discharge  at 
Gatun  results  as  108,026  x  1.62  =  175,000  sec-ft.  (4955  m»  per 
sec.) ;  the  maximum  average  discharge  for  33  consecutive  hours 
as  84,956 X  1.62  =  137,600 sec-ft.  (3896  m»  per  sec);  and  the 
maximum  average  discharge  for  48  consecutive  hours  as 
74,371  X  1.62  =- 120,500  see-ft.   (3412  m^  per  sec). 
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The  spillway  was  designed  to  pass  154,000  sec-ft.  (4360  m* 
per  sec.)  when  the  lake  is  at  El.  +  87  ft.  (+  26.52  m.).  Assum- 
ing the  maximum  known  momentary  discharge,  the  lake  would 
be  required  to  store  21,000  sec-ft.  (594  m^  per  sec.)  during  its 
continuance,  which  could  only  be  a  matter  of  a  few  hours.  At 
El.  +  87  ft.  (+  26.52  m.)  the  lake  had  an  area  of  167.4  sq.  miles 
(433.5  km*).  The  addition  of  21,000  sec-ft.  (594  m»  per  sec.) 
would  take  nearly  50  hours  to  raise  the  level  of  the  lake  one  foot 
(0.31  m.).  As  the  maximum  calculated  discharge  for  48  hours 
is  only  120,500  sec-ft.  (3412  m*  per  sec),  or  less  than  the  dis- 
charge of  the  spillway  at  lake  elevation  -f  87  ft.  (-+-  26.52  m.), 
it  is  thought  that  the  assumed  capacity  is  ample  to  regulate  all 
floods^ 

An  open  spillway,  unprovided  with  regulating  works,  would 
require  a  very  great  length  to  discharge  the  maximum  flood 
before  the  level  of  the  lake  should  rise  considerably,  unless  the 
sill  should  be  placed  at  a  low  elevation,  to  which  the  level  of  the 
lake  would  itself  fall  in  time  of  great  drought.  Such  a  plan 
would  necessarily  involve  either  an  abnormally  long  crest  or  a 
considerable  fluctuation  in  lake  level.  A  shorter  spillway,  with 
regulating  gates,  was  thought  preferable. 

The  minority  of  the  Board  of  Consulting  Engineers,  in  1906, 
recommended  a  straight  crest  for  the  spillway,  with  21  bays, 
each  30  feet  (9.14  m.)  wide  in  the  clear,  closed  by  regulating 
gates.  With  the  piers,  the  crest  was  to  be  790  feet  (240.8  m.) 
long.  The  water  flowing  over  the  crest  was  to  be  guided  by  wing 
walls  into  the  discharge  channel  160  feet  (48.77  m.)  wide. 

Adopted  Design:  The  general  design  of  the  spillway  as 
finally  adopted  is  shown  on  Plates  I  and  II  of  Mr.  Sherman's 
article.*  The  body  of  the  dam  and  the  floor  and  walls  are  of  con- 
crete, the  regulating  gates  of  steel.  The  necessary  development 
of  crest  is  obtained  by  throwing  the  trace  of  the  dam  into  the  arc 
of  a  circle.  By  this  form  the  discharge  over  the  crest  is  directed 
toward  the  center,  where  the  energy  of  the  converging  streams 
will  partially  neutralize  itself.  To  assist  the  neutralization,  two 
rows  of  baffle  piers  are  placed  below  the  dam.  The  design  is 
described  more  fully  in  another  paper.* 

♦"The  Design  of  the  Spillways  of  the  Panama  Canal",  by  E.  C. 
Sherman. 
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The  crest  of  the  dam  is  at  El.  +  69  (+  21.03  m.),  or  16  it. 
(4.88  m.)  below  normal  lake  level  of  +85.0  ft.  (+25.91  m.). 
Its  developed  length  over-all  between  abutments  is  807.96  ft. 
(246.3  m.),  of  which  630  ft.   (192.0  m.)  is  available  for  dis- 
charge.   It  is  divided  in  14  bays,  each  45  ft.  (13.72  m.)  wide  in 
the  clear,  and  closed  by  a  Stoney  gate,  counterweighted  and 
raised  by  lifting  mechanism  located  in  the  tunnel  in  the  body  of 
the  dam.    The  gates  are  19  ft.  (5.79  m.)  high,  and,  when  fully 
raised,  have  their  bottoms  at  El.  +  92  ft.  (+  28.04  m.).  Taking 
into  consideration  the  slope  which  the  water  assumes  in  approach- 
ing to  flow  over  the  crest,  the  disltance  from  the  bottom  of  the 
gate  to  the  surface  of  the  stream  flowing  under  it  is  9.15  ft. 
(2.82  m.)  when  the  lake  level  is  at  El.  +  86.67  ft.  (+  26.42  m.). 
This  has  thus  far  proved  ample  for  the  passage  of  aU  drift. 
The  current  caused  by  opening  the  spillway  is  imperceptible  at 
a  short  distance,  and  the  motion  of  drift  is  determined  usually 
by  the  wind. 

The  location  of  the  spillway  is  in  a  natural  hill  about  mid- 
way of  the  length  of  the  dam,  where  the  rock  came  close  to  the 
surface.  The  material  was  first  excavated  and  the  walls  and 
floor  of  the  channel  built,  the  latter  sloping  from  a  sill  at  El. 
+  10  ft.  (+3.05  m.),  at  the  upper  end,  to  El.  +2.2  ft. 
(+  0.67  m.)  at  the  lower  end.  Small  piers,  to  be  incorporated 
afterward  in  the  body  of  the  dam,  were  built  close  enough  to 
form  supports  for  coffer  beams,  under  the  shelter  of  which  the 
concrete  could  be  placed  when  the  water  should  flow  over  the 
siU.  The  discharge  of  the  weir  was  taken  through  the  spillway 
after  the  construction  of  the  dam  had  closed  the  channels  pre- 
viously existing;  the  flow  at  first  was  between  the  coffer  piers 
and  later  through  one  small  and  three  large  culverts,  left  for  this 
purpose  at  a  low  level.  These  culverts  were  closed  by  valves  pre- 
cisely like  the  lock  valves,  and  were  of  great  value  in  regulating 
the  lake  level  during  construction.  Finally,  after  completion  of 
the  spillway  dam,  the  culverts  were  bulkheaded,  the  valves 
removed,  and  the  openings  filled  permanently  with  concrete. 

Action  of  Water:  On  December  30, 1913,  and  January  2-6, 
1914,  the  discharge  was  measured  several  times  with  different 
gates  open,  the  number  raised  being  seven  and  two.  The  aver- 
age discharge  per  gate  was  9740  sec-ft.  (275.7  m'  per  sec),  the 
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corresponding  lake  level  being  +84.41  ft.  (+25.73  m.).  This 
average  discharge  corresponds  to  a  value  of  G "~  3.58  in  the 
Francis  formula,  neglecting  end  contraction,  which  is  somewhat 
more  favorable  than  was  assumed  in  the  calculations.  If  the 
conditiona  do  not  change,  the  spillway  discharge  with  lake  at 
EI.  +  87.0  ft.  (+26.52  m.)  should  be  12,300  aec-ft.  (348.3  m» 
per  sec.)  per  bay,  instead  of  11,000  see.  ft.  (311.5  m'  per  see.)  as 
assumed.  The  gates  operate  smoothly  and  reliably,  being  con- 
trolled from  the  electric  generating  station  located  below  the 
spillway.    It  takes  approximately  ten  minutes  to  raise  a  gate. 
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When  one  or  two  gates  near  one  end  of  the  dam  are  opened, 
there  is  a  tendency  to  throw  spray  over  the  opposite  wall,  near 
the  angle  of  the  channel  and  guide  wall,  in  such  quantities  as  to 
produce  washing  of  the  fill  back  of  the  walls  and  of  the  ground 
Borrounding  the  generating  station.  This  tendency  disappears 
when  the  discharge  is  balanced  by  opening  corresponding  gates 
near  the  other  abutment. 

The  effect  of  the  baffle  piers  and  of  the  convergence  of  flow 
is  to  arrest  the  velocity  which  the  water  has  acquired  in  flowing 
over  the  dam,  and  to  make  the  stream  deepen  and  assume  slope  to 
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carry  it  through  the  spillway  channel.  When  the  gates  are 
raised,  a  pool  forms  between  the  piers  and  the  foot  of  the  dam, 
which  tends  to  check  the  flow,  to  some  extent,  before  it  reaches 
the  piers  themselves.  The  pool  becomes  deeper  as  more  gates 
are  raised.  It  thus  happens  that  when  only  one  gate  is  raised 
the  water,  on  striking  the  baffle  piers,  ia  thrown  higher  in  the 
air  than  when  more  gates  are  open.    (See  Figs.  10  and  11.) 

After  a  year  of  use  the  baffle  piers,  which  are  armored  on 
the  upstream  face  and  for  part  of  their  width  on  the  sides  and 
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top,  show  signs  of  erosion,  which  will  be  repaired  in  the  dry 
season,  when  the  spillway  can  be  kept  closed  for  a  time. 

The  leakage  through  the  spillway  gates  is  small.  It  was 
carefully  measured  by  collecting  the  entire  flow,  by  a  light  earth 
dam,  into  one  narrow  channel,  where  it  passed  over  a  weir.  The 
result  showed  leakage  through  the  fourteen  gates  varying  from 
1.34  sec-ft.  (0.0379  m=  per  sec.)  at  7  a.m.  to  7.90  sec-ft.  (0.2237  m» 
per  sec.)  at  4  p.m.,  after  the  heat  of  the  sun  had  had  its  full 
eifect  on  the  steel.  The  average  leakage  for  a  period  of  49  hours 
was  3.65  sec-ft.  (0.1033  m'  per  sec.) ,  or  about  0.25  sec-ft.  (0.00071 
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m'  per  sec.)  per  gate.    The  lake  was  at  normal  elevation  of  +  85 
ft.  (+  25.91  m.)  during  the  observations. 

The  spillway  was  finished  in  October,  1913. 
Miraflores  Spillway. 

The  determining  consideration  in  the  design  of  the  Mira- 
flores spillway  was  the  possibility  of  an  accident  at  Pedro  Miguel 
lock  which  should  allow  free  flow,  through  one  of  the  lock  cham- 
bers, from  the  Oatun  Lake  level  into  Miraflores  Lake.  The  flow 
in  such  a  case  has  been  calculated  by  different  computers,  with 
results  varying  from  85,000  to  125,000  sec-ft.  (2407  to  3539  m» 
per  sec.).  If  the  discharge  be  taken  at  100,000  sec-ft.  (2830  m* 
per  sec.),  it  would  raise  Miraflores  Lake  level  one  foot  (0.31  m.) 
in  5  1/3  minutes.  The  lock  terreplein  at  Miraflores  would  be 
flooded  in  twenty-five  minutes,  if  the  lake  were  at  normal  level 
when  the  accident  occurred;  and  great  damage  would  probably 
result  before  the  emergency  dam  at  Pedro  Miguel  could  be  closed 
and  the  flow  stopped.  For  this  reason,  it  was  thought  justifiable 
to  provide  a  spillway  capacity  which,  when  assisted  by  the  lock 
culverts,  would  carry  off  the  fiow  due  to  such  an  accident,  assum- 
ing the  volume  at  100,000  sec-ft.  (2830  m«  per  sec).  This  dis- 
charge is  many  times  larger  than  would  be  necessary  for  the  sole 
purpose  of  regulating  natural  floods  in  Miraflores  Lake. 

Adopted  Design:  Obviously  it  was  desirable  to  adopt  the 
same  design  for  the  gates  and  moving  parts  as  at  Oatun.  A 
spillway  of  eight  bays  45  feet  (13.72  m.)  in  the  clear,  was  there- 
fore assumed,  since  each  bay  is  designed  to  give  a  flow  of  11,000 
sec-ft.  (311  m*  per  sec.)  when  the  lake  is  18  feet  (5.49  m.)  above 
the  crest  of  the  dam.  The  lock  culverts  can  be  counted  on  for, 
say,  25,000  sec-ft.  (708  m«  per  sec). 

The  location  first  investigated  was  in  the  hills  to  the  west 
of  the  main  dam,  and  some  little  distance  from  the  lock.  It  was 
finally  determined,  however,  to  place  it  in  the  immediate  vicinity 
of  the  lock,  to  constitute  the  east  dam  which  would  have  to  be 
built  to  close  the  gap  between  the  locks  and  hills  bounding  the 
valley  on  the  east.  As  this  gap  was  wider  than  is  necessary  for  a 
spillway,  a  part  of  it  134  ft.  (40.90  m.)  wide,  between  the  lock 
masonry  and  the  west  abutment  of  the  spillway  dam,  is  closed  by 
a  cut-off  wall  built  up  from  the  rock.  The  spillway  closes  the 
greater  part  of  the  gap,  and  is  laid  out  with  its  crest  straight  in 
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plan,  and  432  feet  (131.68  m.)  long.  A  second  cut-oflf  wall  is 
carried  from  the  east  end  of  the  spillway  dam  to  an  impermeable 
stratum  in  the  hill  against  which  it  abuts.  The  design  adopted  is 
shown  on  Plates  IV  and  V  of  Mr.  Sherman's  paper. 

The  leakage  at  the  spillway  is  apparently  about  the  same  per 
gate  as  at  Gatun. 

The  work  was  finished  in  1914. 

Appended  is  a  statement  of  the  Division  cost  of  certain  indi- 
vidual items  of  the  work.  The  figures  given  include  the  overhead 
charges  of  the  construction  divisions,  but  not  of  the  central  admin- 
istrative office.  Unless  otherwise  noted,  they  give  the  cost  of  the 
different  items  installed  and  ready  for  work. 

Total  Division  Cost  of  Oertain  Items  of  Locks,  Dams  and  SpiUways. 

Gatun  Locks — complete  $28,607,286.51 

Pedro  Miguel  Locks — complete 12,433,768.81 

Miraflores  Locks — complete  17,975,260.41 

Gatun  Dam,  except  spillway 7,570,228.03 

Gatun  Spillway— complete 3,159,204.49 

Pedro  Miguel  Dam 341,627.72 

Miraflores  Dam,  except  spillway  905,032.29 

Miraflores  Spillway — complete  992,015.73 

Lock  gates  (most  of  the  expense  of  fixed  iron  work  not  in- 
cluded) ,  46* 6,194,846.17 

Spillway  gates,  22 126,774.51 

Emergency  dams  (including  operating  machinery),  6 2,453,430.88 

Chain  fenders  and  machines,  24  and  48 1,021,846.37 

Lock  ironst  2,106,589.55 

Towing-track  system,  except  locomotives 1,400,627.08 

Electrical  distribution  system: 

Transformer    rooms,    high-tension    switch 
chambers,  power  cables,  lighting  cables  and 

fixtures » ^ $1,317,562.50 

Lamp  posts 137,431.27  1,454,993.77 


Towing  locomotives,  40  598,082.79 

Control  boards,  3  108,324.33 

Miter-gate  moving  machines,  92  1,005,384.20 

Miter-gate  forcing  machines,  46  69,904.02 

*  Does  not  include  cost  of  spare  parts  or  of  recess  covers. 

t  Includes  purchase  and  installation  of  fixed  irons  for  quoin  and  sills 
of  gates  and  caissons ;  snubbing  irons,  buffer  castings,  etc. ;  and,  installation 
of  Stoney  valve  frames  and  cylindrical  and  auxiliary  culvert  valves. 
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Rising-stem  and  gaard-valve  machines,  134^ $  1,076,151.47 

Cylindrical  and  aiudliarj  culvert- valve  machines,  132 229,267.54 

Smaller  machines: 

Miter-gate  handrail,  92 $36,237.95 

Miter-gate  sump  pumps,  92 34,849.65 

Culvert  sump  pumps,  3 12,746.14 

Drainage  sump  pumps,  9 *,036.98 

Machinery  and  cable-pit  pumps,  7 3,542.04 

Float  well,  46.. 25,298.74  116,711.50 

Rising-stem  and  guard  valveis,  moving  parts  only,  134 448,132.58 

Fixed  irons  for  same,  contract  price,  not  installed 392,600.00 

Cylindrical  and  auxiliary  culvert  valves,  contract  price,  not 

installed,  132  236,000.00 

Spillway-gate  machines,  22 209,924.15 

Gatun  Lockft— masonry  2,068,636.4    cu.  yds.        14,942,706.17 

Pedro  Miguel  Lock— masonry 929,405.15    ''     *'  5,304,758.46 

Miraflores  Locluh— masonry 1,509,469.17    "     "  7,865,085.30 

Gatun  spillway— masonry 231,179.0     "     '*  1,740,085.54 

Miraflores  spillway— masonry  74,313.0      "     "  464,751.95 
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The  adoption  of  the  high-level  type  of  canal  at  Panama, 
with  the  consequent  impounding  of  large  quantities  of  water 
in  lakes  which  are  essentially  enormous  storage  reservoirs, 
necessitated  the  construction  of  spillways  of  very  considerable 
capacities  to  provide  safe  regulation  at  Gatun  and  at  Miraflores. 

GATUN  SPILLWAY. 

The  lake  formed  by  the  great  dam  at  Gatun,  with  surface 
at  87.0  ft.  (26.52  m.)  above  mean  sea-level,  has  an  area  of  about 
167.4  sq.  miles  (433.5  sq.  km.),  and  receives  the  discharge  of 
the  Chagres,  the  Trinidad  and  the  Gatun  Rivers,  draining  a 
watershed  of  1,320  sq.  miles  (3,420  sq.  km.).  While  the  Isth- 
mus of  Panama  is  not  subject  to  violent  storms  accompanied 
by  heavy  rains,  the  ordinary  precipitation  of  the  rainy  season 
frequently  causes  great  freshets  in  the  rivers.  Records  of  the 
discharge  of  the  Chagres  at  Bohio  have  been  kept  for  many 
years,  the  engineers  of  the  French  canal  company  having  se- 
cured invaluable  run-oflf  data,  and  from  more  recent  observa- 
tions it  was  determined  that  the  discharge  of  the  combined 
streams,  at  Gatun,  is  about  1.62  times  that  of  the  Chagres  at 
Bohio. 

From  the  available  data,  it  appeared  that  the  maximum 
rates  of  discharge  at  Gatun  which  should  be  considered  in  de- 
signing the  spillway  were  as  follows : 
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sec-f  t.  ca.  m-see. 

Maximum  momentary  rate 175,000  4955 

Maximum  rate  for  33  hours 137,500  3900 

Maximum  rate  for  48  hours 120,000  3400 

The  area  of  the  lake  at  its  normal  level  of  85  feet  (26  m.) 
above  sea-level  is  so  great  that,  with  a  spillway  capacity  of 
120,000  second-feet,  an  inflow  amounting  to  183,000  second- 
feet  would  cause  the  surface  to  rise  only  one  foot  (0.3  m.)  in 
20  hours  and  an  inflow  of  137,500  second-feet,  lasting  33  hours, 
would  cause  it  to  rise  only  0.46  feet  (0.14  m.)  in  all. 

On  account  of  the  possibility  of  the  occurrence  of  a  freshet 
exceeding  in  duration  and  rate  of  discharge  any  of  which  there 
is  record,  it  was  determined  to  provide  a  spillway  capacity  of 
140,000  sec-f t.  (3,960  cu.  m-sec.)  with  the  lake  at  its  normal 
level.  The  designs  of  the  lock  walls  and  gates  were  based  on 
the  assumption  that  the  lake  level  would  seldom  be  permitted 
to  rise  more  than  2  feet  (0.6  m.)  above  normal,  or,  to  el.  +  87.0 
ft.  (26.52  m.) ;  and,  as  a  simple  overfall  dam  without  regulating 
gates  would  have  to  be  about  3  miles  (4,8  km.)  long  to  dis- 
charge 140,000  sec-ft.  (3,960  cu.  m-sec.)  without  exceeding  a 
depth  of  2  ft.  on  its  crest,  it  was  decided  to  construct  the  dam 
with  its  crest  below  the  normal  lake  level  and  to  hold  back  the 
water  by  means  of  steel  sluice  gates  of  the  Stoney  type.  This 
would  permit  the  construction  of  a  dam  of  reasonable  length 
to  give  a  large  discharging  capacity,  not  only  when  a  freshet 
might  cause  a  rise  in  the  lake,  but  also  with  the  lake  at  its 
normal  level  of  85  feet  (26  m.)  above  the  sea,  so  that  water 
might  be  drawn  off  in  anticipation  of  freshets. 

About  midway  in  the  length  of  Gatun  Dam  there  was  a 
rocky  hill  outcropping  which  provided  an  excellent  site  for  the 
regulating  works,  affording  a  suitable  foundation  for  the  heavy 
masonry  structure  and  being  near  enough  to  the  locks  to  be 
easily  defended  in  time  of  war.*  The  extent  of  this  foundation 
determined  in  part  the  length  of  the  spiUway  dam  and,  conse- 
quently, the  elevation  of  the  crest,  which  was  placed  at  69  feet 
(21  m.)  above  sea-level,  or  16  feet  (4.9  m.)  below  normal  lake 
level. 

*  See  Plate  I  of  * '  Construction  of  Gatun  Locks,  Dam  and  Spillway ' ', 
by  Brig.  Gen.  Wm.  L.  Sibert. 
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With  no  data  available  to  assist  in  the  determination  of 
the  proper  coefficient  of  discharge  for  a  dam  with  from  16  to 
18  feet  (4.9  to  5.5  m.)  depth  of  water  on  its  crest,  the  effects 
of  the  nnusaal  depth,  the  shape  of  the  crest  and  the  piers 
necessary  for  holding  the  gates  were  stadied,  and  it  was  esti- 
mated that  from  a  gate  opening  45  feet  (13.8  m.)  in  length  a 
discharge  of  not  less  than  10,000  sec.-ft.  (283  cu.  m.-sec.)  might 
reasonably  be  expected.     The  spillway  dam  was  therefore  de- 
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signed  to  have  fourteen  such  openings,  making  the  total  clear 
erest  length  630  feet  (192  m.). 

A  cut  was  made  through  the  hill  which  had  been  selected 
as  the  site  of  the  spillway  and  a  concrete  floor  and  side  walls 
were  put  in,  except  at  the  site  of  the  spillway  dam,  where  low 
piers  were  built  in  the  channel  to  key  the  dam  to  the  rock  and 
to  serve  for  supports  for  such  stop-planks  or  coffer-dams  as 
were  necessary  to  shut  off  the  water  and  permit  the  placing  of 
concrete  in  the  dam.  (Fig.  1.)  When  the  construction  of  the 
Gaton  Dam  had  proceeded  far  enough  to  cause  the  closure  of 
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the  natural  outlets  of  the  rivers,  the  slowly  forming  lake  found 
a  new  one  ready  in  this  artiBcial  channel.     (Fig.  2.) 

While  the  crest  of  the  dam  was  made  of  a  form  which, 
while  providing  seats  for  the  Stoney  gates  and  for  the  caisson 
needed  to  permit  repairs  to  he  made,  would  facilitate  the  Sow 
of  the  water,  the  design  of  the  down-stream  face  was  controlled 
by  the  principle  that  the  nappe  should  adhere  to  the  masonry 
to  prevent  air  from  entering  between  them  to  cause  chattering 
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while  the  gate  was  still  immersed  on  its  lower  edge.  It  was 
assumed  that  the  horizontal  velocity  due  to  the  gate  being  open 
6  feet  (1.8  m.)  was  a  reasonable  one  to  use,  and  the  upper  part 
of  the  downstream  face  of  the  dam  was  made  a  parabola,  con- 
vex upward,  of  the  form  h*  =  42v. 

To  turn  the  water  back  to  the  horizontal  direction  at  the 
toe  of  the  dam  without  serious  disturbance,  the  lower  part  of 
the  face  was  designed  to  be  a  circular  curve  of  long  radius, 
concave  upward. 

The  general  plan  and  the  cross-section  of  the  spillway  dam 
which  was  adopted  and  built  are  shown  in  Plates  I  and  II. 
The  crest  is  divided  into  openings  or  bays — each  closed  by  a 
Stoney  gate  19  feet  (5.8  m.)  high — ^by  piers  which  extend  above 
the  crest  enough  to  permit  the  gates  to  be  raised  clear  of  the 
water  to  allow  the  safe  passage  of  drift. 

The  floor  of  the  spillway  channel  below  the  dam  is  10  feet 
(3.1  m.)  above  sea-level  so  that  there  is  no  pool  to  serve  as  a 
cushion  for  the  overflowing  water,  which,  having  fallen  75  feet 
(23  m.)  has  a  velocity  of  about  60  feet  (18  m.)  a  second.  Such 
a  velocity  would  be  dangerous  to  the  lining  of  the  channel  and 
the  depth  of  the  stream  could  not  be  computed,  since,  under 
such  conditions,  the  great  initial  velocity  and  correspondingly 
small  cross  section  may  be  retained  or,  without  apparent  reason, 
the  depth  and  area  of  section  may  increase  and  a  less  velocity 
be  assumed,  or  stationary  waves  may  be  formed,  the  velocity  of 
the  stream  being  different  at  different  points  in  the  channel.  It 
was  considered  important  that  some  positive  check  be  devised 
to  destroy  the  high  velocity,  and  the  desired  result  was  secured 
by  installing  a  system  of  baffle  piers  in  the  apron  just  below 
the  toe  of  the  dam. 

The  baffle  piers  are  of  concrete,  like  the  rest  of  the  struc- 
ture, but  they  are  heavily  reinforced  with  steel  rails  and  their 
upstream  faces  are  armored  with  very  thick,  ribbed,  iron  cast- 
ings, so  that  such  drift  as  may  strike  them  will  not  easily 
destroy  them.  If  they  are  destroyed  or  badly  damaged,  they 
can  be  replaced  or  repaired  in  the  dry  season  when  no  water 
will  be  discharged  from  the  lake.    (Plate  III.) 

The  spillway  channel  is  285  feet  (87  m.)  wide  and  960  feet 
(293  m.)  long,  its  length  being  such  that  the  water  is  discharged 
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beyond  the  limits  of  the  earth  dam  at  a  point  where  erosion  will 
do  no  harm.  The  concrete  floor  varies  in  thickness  from  4  feet 
(1.2  m.)  at  the  upper  end  to  1  foot  (0.3  m.)  at  the  lower  end, 
except  that  in  the  apron  immediately  below  the  toe  of  the  ogee 
and  around  the  baffle  piers,  where  the  velocity  of  the  overflow- 
ing water  is  reduced  and  great  disturbances  are  caused,  it  is  12 
feet  (3.7  m.)  thick. 

The  water  flowing  over  the  face  of  the  dam  has  a  depth  of 
about  6  feet  (1.8  m.)  when  it  reaches  the  baffles.  Striking  them, 
it  turns  vertically  upward  and  much  of  its  energy  is  used  in 
internal  work  and  converted  into  heat.  When  all  the  gates  are 
open,  the  stream  immediately  below  the  baffle  piers  has  a  depth 
of  approximately  20  feet  (6.1  m.)  and  a  velocity  of  about  20 
feet  per  second. 

The  crest  gates  are  operated  electrically  by  machines 
installed  in  a  tunnel  extending  throughout  the  length  of  the 
dam  and  beyond  it,  through  the  earth,  to  the  vicinity  of  the 
power  house  on  the  east  side  of  the  discharge  channel,  where 
the  control  board  is  located.  The  gates  are  lifted  by  means  of 
chains,  attached  to  the  ends,  passing  over  sheaves  on  the  tops 
of  the  piers ;  thence  down  through  pipes  in  the  masonry  to  the 
tunnel,  where  they  are  attached  to  vertical  stems,  threaded  and 
engaged  in  the  operating  nuts,  which  are  driven  by  worms  at 
the  ends  of  the  main  shaft,  back-geared  to  the  motor.  Counter- 
weights, traveling  in  pits  under  the  tunnel  floor,  are  attached 
to  the  lower  ends  of  the  stems,  so  that  comparatively  little 
power  is  required  for  operation. 

The  openings  between  the  crest  piers,  above  the  gates,  are 
spanned  by  steel  foot-bridges,  which  can  be  removed,  if  neces- 
sary, for  the  installation  of  new  gates.  Auxiliary  hand  hoists 
are  provided,  to  be  operated  from  the  tunnel,  so  that  means  are 
available  for  opening  the  gates  even  though  the  machinery 
should  break  down. 

MIRAFLORES  SPILLWAY. 

The  construction  of  the  locks  and  dam  at  Miraflores  has 
resulted  in  the  formation  of  a  small  lake,  by  backing  up  the  Rio 
Grande,  Rio  Cocoli,  Rio  Caimitillo  and  the  Rio  Pedro  Miguel. 
The  total  discharge  of  these  streams  is  small,  even  in  the  rainy 
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season,  and  a  small  spillway  would  be  sufficient  to  protect  the 
earth  dam  from  being  overtopped  if  there  were  no  other  con- 
ditions to  be  considered.  In  the  event  of  an  accident  occurring 
at  one  of  the  Pedro  Miguel  locks  by  which  the  water  would  be 
permitted  to  flow  unobstructedly  from  the  level  of  Gatun  Lake, 
through  Culebra  Gut  and  the  lock  into  Miraflores  Lake,  about 
31  feet  (9.5  m.)  below  it,  the  inflow  would  be  at  an  estimated 
rate  of  between  90,000  and  100,000  sec-feet  (2550  and  2830 
cu.  m-sec).  While  this  may  be  a  remote  contingency,  consid- 
ering all  the  protective  devices  with  which  the  locks  have  been 
provided,  it  is  not  an  impossibility ;  and,  as  its  occurrence  would 
result  in  the  total  destruction  of  the  earth  dam  at  Miraflores, 
if  there  were  insufficient  provision  for  disposing  of  the  water,  it 
was  deemed  advisable  to  provide  a  spillway  with  a  capacity  of 
not  less  than  90,000  sec-ft.  at  the  highest  allowable  lake  level, 
which  corresponds  to  a  depth  of  18  feet  (5.5  m.)  on  the  crest  of 
I  the  spillway  dam. 

The  design  of  the  spillway  dam  which  was  adopted  is  of 
the  same  general  type  as  the  one  at  Gatun,  the  crest  piers  and 
the  gates  being  exactly  the  same.  It  is  straight  in  plan,  how- 
ever, and  the  profile  is  of  slightly  different  form  on  account  of 
the  difference  in  height.  The  discharging  capacity  at  maxi- 
mum lake  level  was  estimated  to  be  about  92,000  sec-ft.  (2600 
cu.  m-sec),  which  will  probably  be  sufficient.  Should  there  be 
need  of  disposing  of  a  greater  quantity  than  this,  the  lock-fill- 
ing culverts  can  be  utilized  to  afford  an  additional  capacity  of 
about  25,000  sec-ft.  (708  cu.  m-sec.).     (Plates  IV  and  V.) 

A  part-tide  dam  across  the  Rio  Grande  at  Corozal,  a  few 
miles  below  Miraflores,  prevents  the  water  above  it  from  fluc- 
tuating with  the  tides  in  the  Pacific,  the  range  in  the  pool  below 
the  dam  being  only  about  4  feet  (1.2  m.)  and  the  depth  of  water 
at  the  toe  varying  from  about  21  to  25  feet  (6.4  to  7  m.).  With 
such  a  depth  of  water,  extending  across  the  entire  front  of  the 
dam  and  for  some  distance  down  stream,  to  check  the  velocity 
and  absorb  the  energy  of  the  overfaUing  water,  it  was  not  con- 
sidered  necessary  to  use  baffle  piers  like  those  adopted  at  Gatun, 
nor  to  pave  the  surface  of  the  rock  below  the  toe  of  the  dam. 
(Pig.  3.)  The  maximum  discharge  for  which  the  structure  was 
designed  will  occur  very  seldom,  perhaps  never,  and  protective 
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devices  can  be  installed,  if  the  ordinary  use  of  the  dam  for  regu- 
lating Miraflores  Lake  results  in  any  appreciable  erosion  of  the 
rock. 

The  drainage  area  tributary  to  Miraflores  Lake  is  only  66.1 
sq.  miles  {171  sq.  km.)  and  the  maximum  run-oflf  will  seldom 
exceed  7650  sec-ft.  (216  cu.  m-sec).  This  is  cared  for  by  open- 
ing a  single  spillway  crest  gate  for  such  lengths  of  time  as  are 
necessary,  a  method  deemed  better  than  providing  special  cul- 
verts with  additional  gates  and  machinery,  as  it  requires  the 


Fig.  3.    HiiaADni  SpUlwar.     OomplaMd  Dun. 

attendants  to  be  familiar  with  the  operation  of  the  large  gates 
and  affords  frequent  opportunities  for  examining  them. 

The  gate-operating  machines  at  Miraflores  spillway,  as  at 
Gatun,  are  located  in  a  tunnel  extending  throughout  the  length 
of  the  dam.  As  the  inflow  of  water  from  Gatun  Lake,  in  the 
event  of  the  breaking  down  of  a  lock  at  Pedro  Miguel,  would 
cause  Miraflores  Lake  to  rise  at  the  rate  of  0.6  feet  (0.18  m.)  a 
minute,  and  as  the  earth  esplanade  about  the  locks  is  only  4 
feet  (1.2  m.)  above  the  ordinary  lake  level,  the  spillway  gates 
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must  be  opened  promptly  after  that  accident  happens.  Auto- 
matic self-starters,  actuated  in  a  float  switch  in  a  well,  con- 
nected directly  with  the  lake,  are  therefore  provided  in  addi- 
tion to  the  manual  control  of  the  motors,  so  that  a  rise  of  the 
lake  above  a  certain  point  automatically  causes  the  spillway 
gates  to  open. 

The  crest  gates  at  both  spillways  can  be  painted  or  more 
extensive  work  on  them  can  be  executed  at  any  time  by  using 
the  caisson  (Plate  VI)  which  permits  the  unwatering  of  any 
gate.  The  caisson  is  a  rectangular  steel  box,  having  timber  sills 
and  keels  to  fit  against  the  seats  provided  for  it  at  all  gate 
openings,  which  can  be  floated  into  place  at  the  gate  to  be 
repaired  and  sunk  upon  its  seat  by  admitting  water  into  the 
interior  compartments  in  proper  amount. 

Fixed  ballast,  of  concrete,  causes  the  caisson  to  float 
upright  in  the  water,  and  swash  bulkheads  assist  in  maintain- 
ing its  longitudinal  stability  when  it  is  partly  filled  with  water 
and  is  being  towed.  Two  caissons  are  provided,  one  of  which  is 
kept  near  each  of  the  spillways. 
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Pap«r  No.  16 


DESiaN  OF  THE  LOCK  WALLS  AND  VALVES  OF  THE 

PANAMA  CANAL. 


By 

L.  D.  CORNISH,  M.  Am.  Soc.  C.  E. 

Formerly  Designing  Engineer  for  Isthmian  Canal  Commission 

Office  of  Division  Engineer,  War  Dept. 

Cincinnati,  Ohio,  U.  S.  A. 


In  Paper  No.  14,  by  Brig.  Oeneral  Hodges,  is  described  how 
the  designing  force  of  the  Assistant  Chief  Engineer  was  divided 
into  six  subdivisions.  Cooperation  among  these  subdivisions  was 
essential,  as  the  designs  and  plans  prepared  by  each  were  more 
or  less  affected  by  those  of  others ;  and  the  plans  as  a  whole  had 
to  be  in  agreement,  to  avoid  errors  in  construction.  Divided 
responsibility  as  to  the  errors  in  plans  could  not  be  tolerated  and 
the  system  adopted  was  so  successful  that  a  brief  description  of 
it  is  worthy  of  record. 

The  tracings  originating  in  one  subdivision  were  submitted 
for  review  to  every  other  subdivision  whose  plans  might  be 
affected,  and  there  such  affected  portions  were  checked  and  the 
tracing  signed  by  those  in  charge.  Subsequent  alterations  or 
additions  to  plans  had  to  be  conspicuously  shown  and  the  revised 
tracing  dated  and  initialed  by  all  concerned.  A  record  was  kept 
of  all  blue  prints  sent  to  the  construction  divisions,  together  with 
the  acknowledgment  of  their  receipt.  By  this  system  the  respon- 
sibility for  mistakes  in  plans  or  construction  could  be  ascertained 
in  a  few  moments,  and  the  result  was  that  serious  or  costly  errors 
did  not  occur  during  the  entire  construction  of  the  locks  and 
spillways. 

CONDITIONS  IMPOSED  TO  GOVERN  DESIGNS. 

Limiting  unit  pressure  on  plain  concrete  or  foundation  rock 
300  lbs.  per  in»  (21.1  kg  per  cm^). 
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All  reinforced  concrete  structures  to  be  designed  in  accord- 
ance with  the  last  report  and  recommendations  of  the  Ameri- 
can Engineering  Societies'  Joint  Committee  on  Concrete  and 
Reinforced  Concrete,  with  the  following  additional  limitations 
taken  from  I.  C.  C.  Standard  Specifications  for  Reinforced  Con- 
crete design. 

LIMITATIONS. 

Protection  Against  Salt-Water  Corrosion.  For  stmctures 
subjected  to  salt  water,  salt  air,  or  spray  the  surface  of  slab  rein- 
forcement shall  be  protected  by  at  least  1%"  (3.81  cm),  beam 
reinforcement  2"  (5.8  cm),  and  girder  and  column  reinforce- 
ment 2^4"  (6.35  cm)  of  concrete. 

Allowable  Stress  in  Steel.  The  allowable  stress  in  steel 
under  working  loads  shall  not  exceed  16,000  pounds  per  square 
inch  (1125  kg/cm^),  and  no  less  value  shall  be  used  unless 
economical  or  constructional  reasons  therefor  can  be  shown,  or 
as  hereinafter  specified.    (See  par.  6,  note  3.) 

Composition.  The  composition  of  concrete  for  reinforced 
concrete  construction,  unless  by  special  authority  of  the  Chair- 
man and  Chief  Engineer,  shall  consist  of  Portland  cement,  clean 
gravel  or  crushed  rock,  and  clean  sand  mixed  in  the  proper 
proportions. 

(a)  Concrete  composed  of  run  of  bank  gravel  mixed  with 

cement  shall  not  be  used  in  any  reinforced  concrete 
structures,  the  plans  of  which  do  not  specifically  state 
that  the  use  of  such  material  is  permitted  by  author- 
ity of  the  Chairman  and  Chief  Engineer. 

(b)  The  coarse  aggregate  of  crushed  stone  or  gravel  shall 

be  of  a  size  which  shall  pass  through  a  1%"  (3.81  cm) 
ring,  but  not  a  ^4"  (0.635  cm)  ring  or  horizontal 
screens  having  holes  of  these  diameters. 

(c)  Run  of  bank  gravel.    All  material  which  will  not  pass  a 

1%"  (3.81  cm)  ring  shall  be  rejected. 
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ABWimed  Compressive  Strengtli  of  Concrete  (In  pounds  per  square  inch). 

Composition                               1:1:2    1:1^:3     1:2:4    1:2^:5  1:3:6 

Porto  Bello  or  Aneon  rock* 3,300       2,800       2,200       1,800  1,400 

Porto  Bello  or  Ancon  rockt-...-  2,800      2,400       1,850       1,500  1,150 

Porto  Bello  or  Ancon  rockt. 2,300      1,950      1,500      1,250  1,000 

Proportion  of  cement  to 

aggregate  1-2          1-3          1-4          1-5  1-6 

Bun  of  bank  gravel§ 1,800      1,500      1,200      1,000  800 


In  Kilograms  per  square  Centimeter. 

Composition                             1:1:2  1:1%:3  1:2:4  1:2^:5  1:3:6 

Porto  Bello  or  Ancon  rock* 232  197  155  127  98 

Porto  Bello  or  Ancon  rockf 197  169  130  105  81 

Porto  Bello  or  Ancon  rockt 162  137  105  88  70 

Proportion  of  cement  to 

aggregate    1-2  1-3  1-4  1-5  1-6 

Bun  of  bank  gravel§ 127  105  84  70  56 


Bond  Stress.  The  unit  bond  stress  for  deformed  bars  shall 
not  exceed  7  percent  of  the  assumed  compressive 
strength  of  concrete. 

Plans.    On  all  plans  shall  be  noted : 

(a)  The  quality  of  concrete  to  be  used. 

(b)  The  designing  live  load. 

(c)  The  maximum   compressive   fiber   stress   in   the 

concrete. 

(d)  The  maximum  fiber  stress  in  the  steel. 

(e)  The  class  of  inspection  necessary. 


*  To  be  used  only  when  the  construction  is  to  be  subjected  to  careful 
engineering  inspection. 

t  To  be  used  when  construction  is  to  be  subjected  only  to  foreman 
inspection  or  for  proportioned  gravel  concrete  with  engineering  inspection. 

t  To  be  used  for  structures  which  will  be  permanently  submerged, 
in  which  case  the  steel  reinforcement  shall  not  be  stressed  above  14,000 
pounds  per  square  inch  (9843  kg/cm'). 

I  To  be  used  when  the  gravel  and  sand  are  not  to  be  separated  and 
proportioned. 
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Weight  of  plain  concrete  144  lbs.  per  ft'  (2.3  g  per  cm'). 

Weight  of  reinforced  concrete  150  lbs.  per  ft*  (2.4  g/cm'). 

The  weight  of  back  fill  for  all  walls  was  assumed  to  be  100 
lbs.  per  ft'  (1.6  g  per  cm')  with  40%  voids,  which  gives  a  satur- 
ated weight  of  125  lbs  per  ft'  (2  g  per  cm')  and  a  submerged 
weight  of  62.5  lbs  per  ft'  (1  g  per  cm').  The  angle  of  internal 
friction  was  assumed  to  be  thirty  degrees  for  dry  and  saturated 
back-fill  of  all  walls,  except  the  side  walls  of  upper  Oatun  lock, 
where  the  fill  was  carefully  selected  and  placed  and  an  angle  of 
iV  48^  assumed.     The  horizontal  unit  pressure  resulting  from 

these  assumptions  and  using  the  formula  P '^whl^         .      J 
are  shown  graphically  in  Plate  I. 

MAIN   WALLS. 

Plate  I  shows  a  typical  cross  section  of  the  side  and  middle 
walls  and  the  culvert  system  for  emptying  and  filling  the  locks. 

The  main  culverts  in  the  walls  have  the  same  area,  but  the 
middle  wall  culvert  was  so  designed  as  to  facilitate  the  examina- 
tion and  replacing  of  cylindrical  valves. 

The  lateral  culverts  were  made  elliptical  in  shape  to  decrease 
the  depth  of  excavation,  and  the  openings  from  the  culverts  into 
the  lock  chamber  were  rounded  on  both  sides  to  eliminate  con- 
traction in  the  jet  of  water  flowing  through  them. 

The  sectional  area  of  the  main  culverts  was  fixed  at  255  sq.  ft. 
(23.68  m*)  as  the  area  which  would  govern  the  time  of  filling  or 
emptying  the  locks.  Wherever  possible,  without  incurring  too 
great  an  expense,  the  area  was  increased,  in  order  to  reduce  the 
losses  of  head,  and  all  openings  to  the  main  or  branch  culverts 
were  shaped  to  fit  the  vena  contracta  curve.  See  Plate  No.  Ill, 
Paper  No.  14,  by  Brig.  Gen.  Hodges,  for  areas  of  entire  culvert 
system. 

In  designing  the  side  walls  of  the  upper  locks  of  the  Gatun 
flight  it  was  assumed  that  the  back-fill  was  saturated  to  lake  level, 
5  ft.  (1.524  m)  below  the  coping  of  the  walls,  because  of  its  char- 
acter as  part  of  the  Gatun  dam.  For  side  walls  at  aU  other 
places  the  ground-water  level  was  assumed  to  be  that  of  the 
adjacent  country  below,  the  back-fill  being  permeable  material. 
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This  resulted  in  the  walls  for  Gatun  upper  locks  being  5  ft. 
(1.524  m)  wider  than  at  other  places. 

The  limiting  dimensions  of  the  toe  on  the  lock  faces  of  the 
wall  were  fixed  by  the  clearance  requirements  of  naval  vessels. 

Dry  back-fill  was  assumed  for  the  middle  wall,  drainage  cul- 
verts being  provided  through  the  solid  masonry  at  the  gates  and 
Stoney  valves. 

With  the  foregoing  assumptions,  the  problem  of  the  design 
of  these  walls  consisted  mainly  in  finding  the  best  location  for  the 
main  culverts,  the  lock  chamber  being  assumed  as  unwatered  for 
side-wall  design  and  one  lock  chamber  full  and  one  empty  for 
the  middle-wall  design. 

The  walls  above  the  horizontal  plane  shown  in  the  figure 
were  designed  as  retaining  walls,  the  resultant  pressure  being 
kept  within  the  middle  third.  The  portion  below  the  plane  was 
divided  into  voussoirs  and  various  tentative  designs  analyzed  by 
the  graphic  method  to  find  a  satisfactory  line  of  thrust  which 
could  be  passed  through  all  the  joints,  and  also  checked  by  the 
algebraic  method. 

Plate  II,  Figure  1,  shows  a  section  of  the  middle  wall  of  the 
lower  Mirafiores  locks  taken  between  the  lateral  culverts,  and  is 
typical  of  all  the  other  middle  walls.  This  wall  is  higher  by  3  ft. 
(.914  m)  than  the  middle  wall  of  any  other  lock,  is  subjected 
to  pressure  from  brackish  water  assumed  to  weigh  63.5  lbs.  per 
cu.  ft.  (1.016  g/cm^),  and  is  therefore  exposed  to  greater  stresses. 
For  analysis,  the  wall  about  the  culvert  is  divided  into  blocks  by 
imaginary  joints.  Joints  a-b,  c-d,  k-1,  and  m-n  are  of  equal  width. 
The  external  forces  acting  on  the  wall,  as  shown  on  the  figure, 
are  expressed  in  tons  of  2000  lbs.,  and  in  metric  tons  (1000  kg.). 
The  resulting  stresses  are  given  in  the  following  table,  the  first 
column  giving  the  initial  stresses  due  to  the  weight  of  the  con- 
crete and  back-fill,  allowance  having  been  made  for  voids  and 
the  weight  of  machinery;  the  second  column  gives  stresses  due 
to  water  pressure;  the  third  column  the  algebraic  sum  of  the 
preceding  columns;  and  columns  4,  5,  and  6  give  the  same  data 
expressed  in  the  metric  system : 
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Xnitial 

Water 

Besultant 

Initial 

Water 

Besultant 

Stress 

lbs. 

,  per  sq.  inch. 

kg.  per  cm' 

at  a 

-i-52.8 

—17.6 

+35.2 

+3.71 

—1.25 

+2.46 

b 

-4-69.7 

—4.9 

+64.8 

+4.90 

—0.34 

+4.56 

c 

-i-69.7 

+16.3 

+86.0 

+4.90 

+1.15 

+6.05 

d 

-f52.8 

+6.4 

+59.2 

+3.71 

+0.45 

+4.16 

k 

-1-73.5  . 

—67.3 

+6.2 

+5.17 

—4.73 

+0.44 

1 

4-73.5 

+44.6 

+118.1 

+5.17 

+3.14 

+8.31 

m 

4-73.5 

—44.6 

+28.9 

+5.17 

—3.14 

+2.03 

n 

4-73.5 

+67.3 

+140.8 

+5.17 

+4.73 

+9.90 

n 

4-11.0 

—21.8 

—10.8 

+0.77 

—1.53 

—0.76 

u» 

—7.6 

+54.0 

+46.4 

—0.54 

+3.80 

+3.26 

t 

4-11.0 

+58.3 

+69.3 

+0.77 

+4.10 

+4.87 

v- 

—7.6 

—3.4 

—11.0 

—0.54 

—0.23 

—0.77 

r 

—6.8 

+28.5 

+21.7 

—0.48 

+2.00 

+1.52 

q 

—6.8 

+24.6 

+17.8 

—0.48 

+1.73 

+1.25 

Hori- 

zontal 

1       Initial 

Water 

Besultant 

Initial 

Water 

Besultant 

force  in               '^otlb  of  2000  lbs. 

Metric  Tons 

a-b 

—3.18 

+23.28 

+20.10 

—2.88 

+21.08 

+18.20 

e-d 

+3.18 

+28.62 

+31.80 

+2.88 

+26.00 

+28.88 

k-1 

—3.18 

+35.98 

+32.80 

—2.88 

+32.63 

+29.75 

m-n 

+3.18 

+28.62 

+31.80 

+2.88 

+26.00 

+28.88 

r-q 

—7.40 

+28.62 

+21.22 

—6.75 

+26.00 

+19.25 

Vertical 

force 

in 

r-q 

0.00 

18.69 

18.69 

0.00 

16.95 

16.95 

The  stresses  given  in  the  foregoing  table  were  derived  by 
Brig.  Gen.  H.  F.  Hodges,  from  a  rigorous  algebraic  analysis 
made  by  him  while  he  was  Assistant  Chief  Engineer,  and  the  fig- 
Tires  obtained  from  a  careful  graphic  analysis  made  by  the  writer 
agree  with  these  within  the  allowable  errors  of  the  graphic 
method  and  slide  rule  computations. 

If  the  middle  culvert  be  in  communication  with  the  lock 
chamber,  which  is  filled  with  water,  other  assumptions  being  as 
before,  a  small  amount  of  tension  will  be  produced  near  the  inner 
surface  of  the  culvert,  and  therefore  it  is  reinforced,  although  it 
is  not  intended  to  fill  the  middle  culvert  when  one  of  the  locks 
is  dry. 

Plate  II,  Figure  2,  shows  a  plan  of  the  middle  wall  at  the 
gate  recess  and  buttress,  all  details  being  omitted.  The  wall  for 
the  distance  shown  is  massive,  except  for  the  voids  due  to 
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machinery  rooms,  operating  and  drainage  tunnels  and  the  main 
culvert.  The  design  of  this  wall  was  based  on  a  method  of  con- 
struction such  that  the  narrow  and  weaker  portion  could  trans- 
fer some  of  its  load  to  the  wider  portion  by  arch  or  beam  action. 
At  Pedro  Miguel  and  Miraflores  locks  the  concrete  was  placed 
in  6-ft.  (1.83  m)  tiers  of  blocks  with  broken  vertical  joints;  and 
at  Gatun  locks  the  monoliths  with  continuous  vertical  joints  were 
keyed  together,  and  the  monolith  at  the  recess  given  oblique 
joints,  such  that  the  blocks  would  act  as  voussoirs  of  a  horizontal 
arch  against  pressure  on  either  side. 

By  analysis  it  was  found  that  the  masonry  in  the  narrow 
part  of  the  recess,  acting  as  a  beam  or  arch,  was  strong  enough 
to  transfer  all  of  its  load  to  its  abutments,  and  it  is  evident, 
therefore,  that  it  is  safe  to  consider  that  the  entire  175  ft.  (53.3 
m)  of  wall,  shown  by  the  figure,  will  act  as  a  unit.  The  mean 
thickness  of  this  portion  of  wall  is  53.5  ft.  (16.3  m),  and  a  sec- 
tion of  this  thickness  and  the  full  height  of  the  wall  was  analyzed 
under  the  worst  operating  conditions.  Under  certain  improb- 
able, if  not  impossible,  conditions  of  water  pressure  under  the 
wall,  a  small  amount  of  tension  was  indicated,  and  therefore  the 
wall,  at  the  gate  recess,  was  tied  to  the  foundation  rock  by  old 
rails. 

It  may  be  noted  in  Plate  II,  Figure  2,  that  the  back  of  the 
recess  tapers,  so  that  the  clearance,  when  the  miter  gates  are  in 
the  recesses,  increases  uniformly  toward  the  miter  end.  With 
such  large  gates,  analysis  showed  that  this  taper  and  an  unusual 
length  of  recess  were  necessary  in  order  to  facilitate  the  flow  of 
the  displaced  water  without  creating  objectionable  heads. 

LOCK  FLOOBS. 

In  general,  the  floors  of  the  locks  did  not  require  special 
designs,  as  the  foundation  rock  was  practically  impervious  and 
unfissured.  The  floor  consisted  of  a  layer  of  concrete  from  one 
to  three  feet  (0.3  to  0.91  m)  thick,  and  at  places  where  some 
seepage  or  fissure  might  exist,  weep  holes  were  left  through  the 
concrete. 

The  rock  under  the  upper  end  of  Gatun  upper  lock  was 
quite  porous  in  character,  and  an  attempt  was  made  to  cut  off 
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the  underflow,  as  described  elsewhere,  in  Paper  No.  11,  by  Brig. 
Gen.  Sibert,  but  floors  to  resist  a  hydrostatic  head  due  to  Gatun 
Lake  were  thought  necessary  for  the  upper  or  southern  part  of 
the  lock-flight.  From  the  emergency  dam  sill  to  the  upper  miter 
gate  sills  was  the  most  vulnerable  section,  and  for  it  a  flat  floor 
of  concrete  20  ft.  (6.1  m)  thick  was  adopted,  which,  when 
analyzed  as  a  flat  arch,  would  safely  resist  the  possible  83-ft. 
(25.3  m)  head  under  it.  From  the  upper  miter  gate  sill  to  the 
intermediate  gates  a  design  was  adopted,  as  shown  in  Plate  III, 
which  consists  of  13  ft.  (3.96  m)  of  concrete  anchored  to  the  rock 
foundation  by  old  rails  grouted  into  holes  drilled  in  the  rock. 
The  rails  are  of  varying  length,  those  at  the  middle  reaching  to 
33  ft.  (10.06  m)  below  the  floor  level.  The  assumed  pressure  on 
the  under  surface  of  the  concrete  was  due  to  an  87-ft.  (26.5  m) 
head,  and  the  analysis  was  made  on  the  assumption  that  the  con- 
crete and  rock  above  the  bottom  of  the  rails  would  together  with- 
stand the  head,  by  their  combined  weight  and  action  as  an 
inverted  arch. 

APPROACH  WALLS. 

The  rock  on  which  the  Gatun  Locks  are  founded  dips 
abruptly  both  north  and  south,  and  under  both  approach  walls 
is  from  zero  to  100  ft.  (30.48  m)  below  the  desired  grade;  and 
being  overlaid  with  very  soft  material,  it  was  necessary  to  give 
special  attention  to  the  design  of  the  approach  walls. 

The  surface  at  the  site  of  the  south  middle-approach  wall  was 
lower  than  the  desired  grade.  Test  piles  showed  that  the  soil 
was  too  soft  to  develop  the  desired  friction,  except  in  a  stratum 
about  ten  feet  thick  and  twenty  feet  below  the  ground  surface, 
which  was  10  ft.  (3.05  m)  above  sea-level.  To  go  to  rock,  piles 
from  seventy  to  one  hundred  feet  would  be  required,  which  was 
impracticable.  It  was  finally  decided  to  make  a  fill  100  ft.  (30.48 
m)  wide  and  about  25  ft.  (7.62  m)  deep,  and,  after  it  had  been 
consolidated,  to  drive  reinforced  concrete  piles  through  the  fill 
and  into  the  hard  stratum  previously  noted.  The  wall  design  for 
the  pile  foundation  consisted  of  a  reinforced  concrete  slab,  which 
embraced  the  pile  heads,  to  support  a  cellular  reinforced  con- 
crete wall  of  as  light  weight  as  possible.    To  stiffen  the  structure 
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against  the  impact  of  ships,  three  longitudinal  rows  of  cells 
were  adopted,  each  cell  being  about  13  by  18  ft.  (3.96  by  5.49  m) 
in  the  dear  and  both  face  and  partition  walls  heavily  reinforced. 
During  construction,  the  wall  settled  about  two  feet  (0.61  m), 
and  at  one  time  was  settling  faster  on  one  side  than  the  other. 
An  outside  longitudinal  row  of  cells  was  filled  with  water  in  an 
attempt  to  make  the  structure  settle  evenly,  and  the  attempt 
proved  successful.  This  wall  continued  to  settle  after  the  lake 
was  filled,  and  the  construction  of  the  decking,  tracks,  etc.,  had 
to  be  deferred  for  some  time. 

All  approach  walls  had  two  rows  of  timber  fenders  placed 
near  the  top  and  were  supported  by  chains,  as  shown  in  Plate  IV. 
The  impact  of  a  ship  was  transmitted  by  the  buffer  timber  to 
nests  of  coil  springs  placed  in  the  waU  at  five-foot  (1.52  m) 
intervals. 

The  side  approach  or  flare  walls  at  the  south  entrance  to 
Gatun  locks  consist  of  concrete  piers  supporting  bridges  com- 
posed of  steel  girders  embedded  in  concrete.  The  walls  project 
into  Gatun  Lake,  and  therefore  there  is  a  considerable  area  of 
open  water  behind  them,  which  is  in  direct  communication  with 
the  water  of  the  forebay  proper  through  the  openings  in  the  flare 
walls.  This  type  of  wall  was  necessary  in  order  to  prevent  the 
piling  up  of  water  in  the  forebay  during  storms  on  the  lake 
which  would  cause  the  waves  to  run  toward  the  lock  entrance. 

The  north  middle-approach  wall  of  Gatun  locks  also  required 
special  consideration,  on  account  of  the  great  depth  to  rock  and 
the  soft  material  overlying  it.  The  earth  was  excavated  as  low 
as  practicable,  in  spite  of  many  difficulties  (for  a  description  of 
which  see  Paper  No.  11,  by  Brig.  Gen.  Sibert),  and  wooden  piles 
were  driven  to  rock.  A  thick  concrete  slab  was  constructed 
embedding  the  tops  of  the  piles,  and  upon  the  slab  was  con- 
structed the  wall.  See  Fig.  1.  The  design  consisted  of  trans- 
verse arched  piers  on  50-ft.  (15.24  m)  centers.  A  pier  consisted 
of  two  small  rectangular  piers  10  ft.  by  18  ft.  (3.05  by  5.49  m), 
joined  at  the  top  of  a  circular  arch  transverse  to  the  axis  of  the 
approach  wall.  These  transverse  piers  were  bridged  at  the  top  by 
steel  plate-girders,  embedded  in  concrete  for  protection  and 
strength.  The  steel  girders  were  designed  with  light  compression 
flanges  sufficient  in  area  to  take  safely  the  compressive  stress  due 


DESIGN  OF  THE  LOOK  WALLS  AND  VALVES 


77 


^ajc^ 


'..'•..••■  •  ••■•;  k-.    •.i-:•^••;^^••••:V•;:.'.>■V.^V.:^'».:^^.^.v^>-^.•;;;■.••;;^;^^ 


^   «•  •  ■•%•■■  «•  .  ■ 


Plftle  XV. 


OF  THE  LOOE  WALLS  AND  YALVES 

to  the  dead  load  of  the  wet  concrete  and  the  construction  equip- 
ment, and  with  heavy  tension  flanges  for  the  added  tensile  stress 
due  to  live  loads,  which  would  not  occur  nntU  tlie  concrete  had 
properly  aged. 

In  the  picture  of  the  north  middle-approach  wall,  Fig.  1, 
the  end  of  the  wall  for  a  short  distance  is  seen  to  be  pointed  and 
considerably  lower  than  the  remainder  of  the  wall.  This  part  of 
the  wall  is  the  base,  or  support,  for  a  superstructure,  which  con- 
sists of  a  timber  crib,  the  outside  of  which  is  of  solid  timber  five 
feet  thick.     The  timber  structure  is  provided  as  a  buffer  against 


which  carelessly  handled  ships  will  strike,  instead  of  hitting  solid 
masonry,  with  prewihly  disastrous  results  to  the  ship. 

It  is  believed  that  the  damage  to  the  crib  and  a  ship  collid- 
ing therewith  will  be  materially  less  than  the  damage  due  to  a 
collision  with  a  solid  concrete  wall.  These  timber  cribs  are  pro- 
vided at  the  ends  of  all  middle-approach  walls;  and  where  the 
water  level  may  vary  considerably,  they  are  floating  structures 
tied  to  piles. 

The  north  flare  walls  are  of  massive  concrete  founded  on 
rock. 

The  north  middle-approach  walls  of  the  Pedro  Miguel  and 
Aliraflores  locks  are  of  similar  design.    They  are  of  cellular  rein- 
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forced  concrete,  but  as  they  were  to  be  filled,  no  longitudinal 
interior  walls  were  necessary,  as  the  filling  would  provide  the 
resistance  to  impact.  The  transverse  walls  forming  the  pockets 
or  cells  are  2  ft.  6  in.  (0.76  m)  thick,  on  15-ft.  (4.57  m)  centers, 
with  reinforcing  rods  which  tie  the  face  walls  together  and  take 
the  stress  due  to  the  pressure  of  the  fill.  The  face  walls  are 
designed  as  continuous  beams  of  indefinite  number  of  spans  and 
are  doubly  reinforced.  The  locomotive  tracks  on  the  decking  are 
supported  by  I-beams,  which  have  their  bearing  on  the  trans- 
verse walls.  The  wall  for  Pedro  Miguel  is  founded  on  rock  at 
the  desired  grade ;  but  at  Mirafiores  the  rock  is  at  a  considerable 
depth  below  grade  and  the  foundation  consists  of  cylindrical 
reinforced  concrete  caissons  sunk  to  rock  and  filled  with  concrete. 
The  tops  of  the  caissons  are  connected  by  a  system  of  reinforced 
concrete  girders,  which  support  the  cellular  superstructure. 

The  greater  part  of  the  south  middle-approach  wall  of  Pedro 
Miguel  locks  and  the  entire  south-approach  wall  of  the  Mirafiores 
locks  are  of  massive  gravity  type,  consisting  of  two  retaining  walls 
stepped  on  the  back  until  they  meet  near  the  bottom  of  the  wall. 
It  was  intended  that  the  two  walls  should  be  back-filled  with  ordi- 
nary excavation,  consisting  mainly  of  broken  rock,  which  would 
have  a  large  angle  of  internal  friction  with  correspondingly  low 
lateral  pressures.  This  resulted  in  a  design  in  which  the  ratio 
of  base  to  height  was  smaller  than  any  other  walls  of  the  locks. 
A  few  drains  were  provided,  so  that,  after  construction  and 
before  water  was  admitted  into  the  canal,  water  could  not  accu- 
mulate and  subject  the  walls  to  hydrostatic  pressure.  On  the 
supposition  that  the  walls  might  be  back-filled  with  earthy 
material  and  the  drains  choked  up,  as  actually  occurred,  the  waU 
was  so  designed  that,  under  this  condition  and  with  water  pres- 
sure in  all  joints,  the  resultant  imit  pressure  would  not  be  exces- 
sive. Part  of  the  backfiU  of  these  walls  was  dropped  from  a  con- 
siderable height,  and  the  wedge  action  induced  by  the  impact, 
combined  with  the  normal  lateral  pressure,  produced  a  deflection 
of  about  one  inch  (25  m)  at  the  top  of  the  wall. 

Plate  IV  shows  a  section  of  the  reinforced  concrete  retaining 
wall  adopted  for  certain  side-approach  and  flare  walls.  At  Pedro 
Miguel  locks  this  type  of  wall  rested  on  a  rock  foundationj 
whereas  at  the  north  approach  to  Mirafiores  locks  a  considerable 
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length  of  it  rested  on  a  pile  foundation.  The  thickness  of  t^e 
vertical  slab  diminished  at  intervals,  from  the  bottom  to  the  top, 
to  minimize  the  changes  in  spacing  and  size  of  the  horizontal 
reinforcement.  The  counterforts  were  spaced  on  15-ft.  (4.57  m) 
centers  and  were  2  ft.  6  in.  (0.76  m)  thick,  heavily  reinforced, 
and  served  as  supports  for  the  towing-track  beams.  Owing  to 
the  possibility  of  the  back-fill  arching  between  some  of  the  coun- 
terforts, the  vertical  slab  was  designed  as  a  continuous  beam  of 
indefinite  number  of  spans,  imder  the  worst  possible  condition 
of  loading,  and  therefore  is  double  reinforced,  as  shown.  Strong 
reinforced  beams  were  designed  to  support  the  spring  buffers 
located  on  5-ft.  (1.52  m)  centers.  All  approach  walls  were 
equipped  with  buffer  timbers,  the  location  of  which  below  the 
coping  of  the  wall  was  similar,  and  as  shown  in  the  section. 

EISING-STEM  GATE  VALVES. 

The  main  valves  for  controlling  the  filling  and  emptying 
system  of  the  locks  were  a  modified  type  of  the  well-known 
Stoney  sluice-gate.  The  maximum  head  to  which  the  valves 
would  be  subjected  varied  a  great  deal  according  to  their  loca- 
tion, but  study  developed  that  there  would  be  little  economy  in 
modifying  the  structural  members  in  accordance  therewith.  One 
design  was  therefore  adopted  for  all  operating  valves  of  this 
type. 

The  ordinary  coimterweighted  type  of  gate  with  flexible  con- 
nection to  operating  machinery  was  considered  but  rejected, 
partly  on  accoimt  of  complications  in  masonry  design  caused  by 
the  counterweight,  but  mainly  because  of  the  lack  of  a  stiff  con- 
nection to  the  operating  mechanism  to  permit  the  application  of 
force  in  closing  the  valves. 

The  valve  as  adopted  has  a  rising  stem  connected  to  the  gate 
near  its  center,  the  stem  passing  through  a  water-tight  bulkhead 
into  the  machinery  chamber  and  being  connected  to  the  operat- 
ing mechanism,  as  described  in  paper  No.  14,  by  Mr.  Schildhauer. 
The  stems  were  of  steel  pipe  approximately  6%  in.  (17.1  cm) 
inside  diameter,  and  finished  to  8  in.  (20.3  cm)  outside  diameter 
for  passing  through  a  stuffing  box  in  the  bulkhead.  The  princi- 
pal members  of  the  valve  are  of  nickel  steel.  There  are,  in  all, 
118  such  rising  stem  valves  installed. 
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Each  valve  is  approximately  19  ft.  (5.79  m)  high  by  10  ft. 
(3.05  m)  wide  and  is  built  up  of  six  horizontal  beams  spaced 
3  ft.  6  in.  (1.07  m)  apart,  the  five  upper  beams  being  20-in., 
80-lb.  (50.8  cm,  36  kg)  I-beams,  and  the  lower  beam  an  L- 
shaped  steel  casting  20  in.  (50.8  cm)  deep.  The  upstream  leg 
of  this  casting  projects  12  in.  (30  cm)  below  the  web,  the  latter 
having  seven  open-cored  holes  through  it,  the  object  of  the  pro- 
jecting leg  and  holes  being  to  facilitate  the  flow  of  water  and  the 
operation  of  the  gate  when  opened  under  high  heads.  (See  de- 
tail of  bottom  seal,  Plate  V.)  With  this  design  of  bottom  mem- 
ber, no  difficulty  has  been  experienced  in  starting  the  valve  to 
rise  under  pressure,  such  as  has  been  noted  in  certain  other  cases, 
and  attributed  to  the  development  of  a  vacuum  under  the  lower 
edge  of  the  valve  when  the  seal  is  first  broken.  The  skin  is 
placed  on  the  upstream  face  of  the  gate  and  consists  of  buckle- 
plates  with  the  convexity  downstream.  Each  buckle  is  supported 
on  four  sides.  The  stem  is  connected  to  the  web  of  the  I-beams 
by  a  steel  casting,  and  the  back  flanges  of  all  beams  are  cross- 
connected  by  tie  plates,  to  distribute  the  pull  of  the  stem. 

Plate  V  shows  a  horizontal  section  through  a  pair  of  valves 
in  their  chambers,  and  sectional  details  of  the  seals.  The  pier  is 
reinforced  by  two  plate  girders,  to  take  the  reaction  of  the  gates, 
and  the  point  is  protected  by  an  iron  casting.  For  a  short  dis- 
tance above  and  several  feet  below  the  gate,  the  sides,  top  and 
bottom  of  the  valve  chamber  are  protected  by  cast-iron  wear- 
ing surfaces. 

Motion  of  the  valve  is  limited  to  one-fourth  inch  (6.4  mm) 
laterally  by  the  clearance  of  the  side  rollers,  and  to  the  same 
amount  upstream  by  the  clearance  between  the  bearing  strip 
and  the  easting  shown  bolted  to  the  wall  casting.  The  former 
casting  is  built  in  short  sections  and  is  removable,  to  provide 
space  for  moving  the  gate  if  it  should  become  necessary. 

After  the  valves  were  completed  in  the  shop  they  were  placed 
on  a  planer,  and  the  faces  of  the  roller  tracks  surfaced  to  the 
same  plane,  and  the  bearing  straps  also  surfaced  to  a  plane  paral- 
lel to  the  plane  of  the  faces  of  the  roller  tracks,  thus  removing 
any  warp  in  the  gates. 

The  bottom  seal  is  clearly  shown  in  the  detail,  the  finished 
under  surface  of  the  lowest  casting  resting  on  babbitt-metal.  The 
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top  seal,  as  shown,  consists  of  an  adjustable  casting  bolted  to  the 
valve,  having  in  the  jaw  of  the  casting  a  strip  of  rubber  which 
comes  in  contact  with  the  casting  bolted  to  the  roof  of  the  valve 
chamber,  as  the  valve  comes  to  a  seat  on  the  bottom  seal. 

To  prevent  excessive  leakage  at  the  sides  of  the  valve,  so 
common  to  Stoney  gates,  a  new  seal  was  devised,  as  shown  in 
the  detail  of  the  vertical  side  seal.  This  seal  consists  of  a  thin 
phosphor-bronze  spring,  bent  to  a  radius,  to  which  is  attached  a 
bronze  point  to  form  the  line  of  contact  with  the  wall  casting. 
The  spring  is  fastened  to  the  valve  between  a  bronze  strap  and 
the  skin  plate,  and  another  bronze  strap  provided  so  that  the 
water  pressure  cannot  cause  excessive  deflection  in  the  spring. 
The  joint  between  the  spring  parts  and  the  gate  is  made  tight 
by  a  canvas  gasket  soaked  in  red  lead  and  oil.  The  location  ot 
the  curved  spring  is  so  arranged  that  there  is  initial  stress  in 
the  spring  sufficient  to  keep  the  point  in  contact,  and  any  addi- 
tional pressure  from  the  water  serves  to  press  the  point  more 
firmly  against  its  seat.  The  leakage  through  this  seal  is,  in 
many  cases,  imperceptible.  Valves  in  the  lower  locks  which  are 
exposed  to  salt  water  have  zinc  strips  fastened  in  contact  with 
the  bronze,  so  as  to  confine  the  electrolytic  action  to  the  zinc  and 
bronze,  and  thus  preserve  the  steel  and  iron. 

The  so-called  guard  valves,  18  in  number,  located  in  the 
three  branches  of  the  culvert  entrance  in  the  side  walls,  are 
identical  in  structural  design  with  the  valves  previously  described, 
but  are  not  of  the  rising-stem  type.  The  elevation  of  the  intake 
was  such  that  there  was  insufficient  height  above  the  valve  for 
the  rising-stem  machinery;  therefore,  these  valves  are  equipped 
with  counterweights  connected  to  the  valves  by  chains  and  have 
a  special  type  of  operating  machine,  as  described  in  Paper  No.  20, 
by  Mr.  Schildhauer. 

The  first  order  for  valves  consisted  of  four,  for  testing  pur- 
poses. The  tests  and  further  study  developed  the  advisability 
of  making  certain  minor  modifications,  not  only  in  the  valves  but 
also  in  the  castings  which  form  the  valve  chamber.* 

In  July  and  August,  1914,  seven  tests  among  four  different 
sets  of  valves,  including  ten  different  valves,  under  a  52-ft. 

*  For  a  description  of  these  tests  see  Annual  Beport  of  Isthmian  Canal 
Commission,  1912,  page  72. 
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(15.85  m)  head  at  the  center  of  pressure  on  valve,  gave  a  mean 
leakage  per  gate  of  1.23  c.f.s.  (0.035  cu.  m.  per  sec.).  The  maxi- 
mum was  2.06  (0.057  cu.  m.  per  sec.)  and  the  minimum  0.78 
c.f.s.  (0.022  cu.  m.  per  sec).  Under  average  operating  conditions 
this  indicates  a  total  leakage  at  Gatun  locks  of  6.8  cf.s.  (0.192 
cu.  m.  per  sec.)  and  at  Pedro  Miguel  of  5.6  cf.s.  (0.158  cu.  m. 
per  sec.)  or  a  total  of  12.4  cf.s.  (0.35  cu.  m.  per  sec.)  from  Gatun 
Lake. 

CYLINDRICAL  VALVES. 

Plate  VI  shows  a  section  of  a  cylindrical  valve  and  valve 
chamber,  and  certain  details. 

No  satisfactory  data  could  be  obtained  as  to  the  discharge 
efl&ciency  of  valves  of  this  type,  and  in  the  design  an  attempt  was 
made  to  proportion  and  shape  the  various  parts  so  that  the  coef- 
ficient C  in  the  filling  formula  for  the  locks  would  be  reasonably 
large,  when  using  the  middle- wall  culverts. 

Results  thus  far,  as  shown  by  tests  and  in  operation,  indi- 
cate that  C  for  middle-wall  culverts  is  only  0.59,  whereas  it  is 
0.88  for  side-wall  culverts. 

The  valve  seat  is  made  of  ordinary  gray  cast  iron  and  so 
shaped  as  to  minimize  contraction  of  the  flowing  jet.  The  mov- 
ing part  of  the  valve  and  the  valve  body  are  made  of  a  special 
grade  of  cast  iron,  or  so-called  semi-steel.  The  valve  cover,  which 
is  anchored  in  the  walls,  is  of  gray  cast  iron. 

The  valve  seats  were  carefully  set  and  concreted  in,  and  sub- 
sequently the  remainder  of  the  valve  was  completely  assembled 
in  place,  inside  the  forms  for  the  valve  chamber,  and  the  placing 
of  the  concrete  continued.  The  well  for  the  valve  stem  was 
formed  by  lap-welded  pipe  incased  in  the  concrete.  The  valve 
body  is  bolted  to  the  cover  and  also  supported  by  four  pedestals, 
which  in  turn  are  bolted  to  and  supported  by  the  valve  seat.  The 
pedestals  form  the  guides  for  the  moving  valve  body,  and  at  top 
and  bottom  are  tapered  to  facilitate  their  removal.  With  the 
valve  stem  and  pedestals  removed,  the  valve  bodies  may  be  col- 
lapsed and  taken  from  the  chamber  for  repairs  or  renewal.  The 
bottom  seal  is  made  by  contact  of  the  metal  parts,  and  the  top 
seal  by  leather  gaskets,  which  lap  over  the  joint.    These  valves 
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take  pressure  from  either  direction,  necessitating  a  double  set 
of  leather  seals,  as  shown  in  detail.  When  tested  under  a  60'ft. 
(18.29  m)   head  the  average  leakage  per  valve  was  about  0.1 


e.f.s.  (2800  cu.  cm.  per  sec.).  Examination  indicated  that  the 
leather  seal  was  sufficiently  rigid  to  support  the  moving  portion 
of  the  valve  and  prevent  its  seating  properly  at  the  bottom. 
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Thereafter,  the  segments  which  clamp  the  leather  seal  were  bev- 
eled slightly  on  the  edge,  to  permit  an  easier  bending  of  the 
gasket.  Further  tests  were  made,  and  the  leakage  found  to  be 
about  0.01  c.f.s.  (280  cu.  cm.  per  sec.)  or  one-tenth  of  that  pre- 
viously measured. 

At  the  top  of  the  valve-stem  casing  a  vent  pipe  is  provided 
with  check  valve  on  its  end.  This  valve  prevents  water  under 
pressure  from  flowing  into  the  machinery  room,  and  permits  the 
access  of  air  to  the  casing  when  the  valves  are  in  action  and  the 
flowing  water  would  tend  to  produce  a  vacuum  in  the  casing  and 


thus  reduce  the  flow. 
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LOCK  GATES. 

The  Lock  Qates  on  the  Panama  Canal  excel  any  previous 
work  of  the  kind  in  the  number  and  size  of  the  gates,  and  the 
total  tonnage.  There  are  in  all  forty-six  gates  of  two  leaves,  the 
weight  of  which,  including  the  anchorages  and  other  parts 
embedded  in  the  concrete,  amounts  to  68,000  tons  of  2000  pounds. 
Their  cost  was  over  $7,000,000.  The  leaves  are  65  feet  wide  and 
vary  in  height  from  47  to  82  feet,  and  in  weight  from  400  to  750 
tons,  not  counting  the  fixed  parts.  The  largest  gate  is  50  per 
cent  higher  than  any  previously  built,  and  weighs  fully  three 
times  as  much.  Even  the  smallest  is  much  larger  than  any  of 
the  same  type  elsewhere.  Though  the  Panama  gates  are  wider 
as  well  as  higher  than  any  other  miter  gates,  the  increase  in  width 
over  previous  gates  is  only  moderate,  as  locks  100  feet  wide  have 
been  in  use  for  nearly  60  years.  The  pressures  that  are  sustained 
by  the  gates  are  unusually  heavy,  even  for  such  high  gates,  as 
the  locks  are  arranged  in  flights,  so  that  the  maximum  head,  in 
ordinary  service,  may  amount  to  twice  the  single  lift. 

The  positions  of  the  several  gates  and  their  heights  are  shown 
on  the  general  plan  of  the  locks  (Plate  I),  while  the 
reasons  governing  their  arrangement  have  been  discussed  in  the 
paper  dealing  with  the  locks  as  a  whole. 

Such  large  gates  presented  unusual  difficulties,  so  that  their 
feasibility  had  been  seriously  questioned  by  critics  of  the  lock 
type  of  canal,  while  the  magnitude  of  the  work  made  a  satis- 
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factory  and  still  economical  design  a  matter  of  great  importance. 
A  thorough  investigation  of  all  the  main  features  of  the  gates 
was,  therefore,  made  before  proceeding  with  the  final  plans.  In 
this  paper  certain  of  these  preliminary  studies  are  first  sum- 
marized, and  the  conclusions  drawn  from  them  are  given.  A 
general  description  of  the  gates  follows,  with  an  account  of  the 
most  important  details,  and  the  requirements  as  to  materials  and 
workmanship.  The  stresses  are  next  discussed,  and  the  methods 
used  in  the  field  erection  described  in  some  detail.  The  last  sec- 
tion gives  the  weights  and  costs  of  the  gates. 
Choice  of  Tjrpe. 

The  first  question  to  be  decided  was  the  type  of  construction, 
the  choice  lying  between  the  mitering  gate  with  two  leaves  and 
some  form  of  single-leaf  gate.  The  latter  type,  in  the  shape  of 
floating  and  rolling  caissons,  is  common  in  dry  docks  and  other 
harbor  works,  but  has  rarely  been  used  in  canal  locks.  For 
canals,  mitering  gates  have  long  been  the  standard  form  and 
have  given  excellent  satisfaction,  even  in  locks  as  wide  as  100 
feet. 

Under  the  circumstances,  the  presumption  was  m  favor  of 
the  mitering  gate.  It  Y^as  thought,  however,  that  in  view  of 
the  very  great  dimensions  and  pressures  at  Panama,  it  would  be 
wise  to  make  a  detailed  comparison  of  the  two  types. 

Of  the  different  forms  of  single-leaf  gates,  the  rolling  gate 
which  opens  by  sliding  into  a  recess  in  one  of  the  walls  was  the 
only  one  seriously  considered,  as  there  are  various  practical 
objections  to  all  other  varieties  of  single-leaf  gates. 

Thus,  the  swinging  gate  turning  on  a  vertical  pivot  at  one 
end  presents  serious  difficulties  in  the  case  of  the  Panama  locks, 
as  it  would  be  very  hard  in  practice  to  suspend  such  huge  leaves 
from  anchorages  at  the  top  of  the  walls  and  to  support  their 
weight  without  using  rollers  on  the  lock  floor,  which  are  ob- 
jectionable for  various  reasons.  Swinging  gates  also  shorten  the 
available  length  of  the  lock  chamber  more  than  miter  gates  do,  at 
least  in  the  case  of  lower  gates. 

Plunging  gates,  which  descend  into  pits,  require  deep 
recesses  in  the  floor,  which  would  be  inaccessible  and  likely  to 
fill  up  with  silt  and  debris.  Part  of  the  moving  mechanism  would 
also  probably  be  under  water  and  inaccessible.    Another  form 
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which  has  sometimes  been  used  on  a  small  scale,  viz.,  the  tumbling 
gate,  which  revolves  about  a  horizontal  axis  on  the  bottom,  is 
objectionable  for  similar  reasons.  No  form  of  the  single-leaf 
gate,  except  the  rolling  gate,  has  ever  been  used  on  a  large  scale, 
although  all  of  them  have  been  tried — some  varieties  on  very 
large  gates.  It  was  not  thought  wise  at  Panama  to  use  any  form 
of  construction  which  had  not  proved  its  reliability  by  a  long 
term  of  successful  service  on  works  of  considerable  magnitude 
and  importance. 

The  comparative  plans  and  estimates  were,  therefore,  con- 
fined to  rolling  gates  and  mitering  gates  of  the  usual  form.  Sev- 
eral designs  were  made  of  rolling  gates,  differing  in  their  details. 
A  height  of  77  feet  was  used  in  all  the  designs.  The  two  types 
are  compared  in  Table  I.  The  rolling  gate,  the  weights  and  cost 
of  which  are  given,  was  of  the  form  common  in  harbor  works — 
a  rectangular  caisson,  with  several  plate  and  open  decks,  which 
rests  on  wheeled  trucks  and  opens  by  moving  endwise  into  a 
recess  in  the  lock  walls.  Nickel  steel  was  used  to  reduce  the 
weight.  The  miter  gate  was  practically  identical  in  design  with 
the  gate  as  built,  but  some  minor  parts  were  not  included  in 
the  estimate. 

TABLE  I. 
Single-Leaf  Type. 

BoUing    Gate                                       110  ft.  Lock  77  ft.  High 

Straetural  niekel-steel  2,405,000  lbs.  @    6.25c  $150,300.00 

Structural  carbon-Bteel 300,000    "     "     4.50c  13,500.00 

Carbon-steel  castings  212,000    "     "     8.00c  16,940.00 

MisceUaneons  parts  20,000    "     *'  20.00c  4,000.00 

Total 2,937,000     ''     "     6.29c  $184,740.00 

Double-Leaf  Type. 

Mitering  Gate                                    110  ft.  Lock  77  ft.  High 

Structural  carbon-steel 2,430,000  lbs.  @    3.785c  $  91,975.50 

Carbon-Bteel  castings  186,000    '<     *'     7.86c  14,619.60 

Miscellaneous  parts  104,000    '*     "  14.7c  15,286.90 

Total 2,720,000     "     "     4.48c  $121,882.00 

The  table  shows  that  the  rolling  gate  would  be  somewhat 
heavier  than  the  miter  gate,  and  very  much  more  expensive. 
Taking  into  account  the  additional  masonry  required,  its  cost 
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would  be  nearly  double.  Besides  being  cheaper  than  the  rolling 
gate,  the  miter  gate  is  also  lighter  and  less  complicated.  None  of 
the  moving  parts  are  under  water,  except  the  pintle  and  its  bear- 
ings, which  are  well  protected  and  have  proved  very  durable  in 
practice.  Its  operation  requires  less  time  and  effort,  while  its 
reliability  in  service  has  been  tested  on  a  much  more  extended 
scale  and  fully  proven. 

The  rolling  gate  has  many  complicated  and  inaccessible  parts, 
while  the  trucks  and  rails  are  liable  to  injury  and  obstruction. 
The  deep  recesses  in  the  walls  are  not  only  expensive,  but  are 
also  objectionable  on  other  grounds,  and  the  operation  of  the 
gate  is  slower  and  requires  more  power. 

It  has  been  maintained  that  the  stresses  in  single-leaf  gates 
can  be  determined  with  more  accuracy  than  in  miter  gates,  but 
this  point,  though  true  to  some  extent,  has  little  practical  value, 
as  miter  gates  can  be  built  of  ample  strength,  without  making 
them  unduly  heavy.  Greater  resistance  as  barriers  in  case  of 
accidental  collision  is  another  advantage  claimed  for  single-leaf 
gates.  This  claim  is  hardly  based  on  actual  experience,  but  is 
probably  true  to  some  degree,  and  for  this  reason  rolling  gates 
were  seriously  .considered  for  the  "safety"  gates  in  the  Panama 
locks,  which  duplicate  the  operating  gates  at  the  lower  end  of  the 
upper  locks.  Even  for  these,  as  well  as  for  all  other  gates,  it  was 
finally  decided  to  use  the  well-tried  and  simpler  mitering  type. 
Shape  of  Leaf  and  Angle  of  Sill. 

The  next  point  to  be  settled,  after  the  adoption  of  the  miter- 
ing type,  was  the  form  of  leaf.  The  relative  merits  of  curved  or 
'^ arched"  leaves  and  those  having  a  straight  downstream  flange 
have  long  been  debated.  In  the  former,  the  curve  of  pressure 
— i.  e.,  the  curve  which  gives  the  position  of  the  resultant  force 
acting  on  each  cross  section — coincides  closely  with  the  centre 
line  of  the  leaf,  eliminating  most  of  the  transverse  stress  and 
reducing  the  weights  of  the  horizontal  frames.  In  ordinary 
cases  the  saving  in  weight  is  small,  so  that  straight  gates,  having 
many  practical  advantages,  are  generally  used.  At  Panama,  the 
large  dimensions  and  heavy  pressures  made  the  theoretical  saving 
more  important.  It  was  feared,  also,  that,  unless  spaced  very 
closely,  straight  girders  might  require  unduly  heavy  upstream 
chord  sections. 
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An  extended  series  of  estimates  was  therefore  made,  cover- 
ing  a  number  of  different  shapes  and  two  different  angles  of  the 
sill.  The  results  are  summarized  in  Tables  II  and  III.  The 
straight  shapes  used  in  the  comparative  estimates  had  the  same 
general  form  as  the  adopted  design  (Plate  II),  but  varied 
in  thickness  from  5  to  9  feet.  The  parallel  sides  of  the  girders 
siinplify  the  construction,  while  the  curved  ends,  which  were 
made  in  the  actual  construction  of  the  gates  without  much  dif- 
ficulty and  without  heating  the  angles,  look  better  than  sharp 
bends  and  avoid  concentrated  stresses.  The  curved  gates  were 
of  crescent  shape,  and  32  inches  wide  at  the  quoin  and  miter 
ends,  while  they  were  5  feet  and  6  feet  thick  at  the  center.  The 
straight  girder  7  ft.  wide  with  a  rise  of  sill  equal  to  1/4  of  the 
lock  width  was  taken  as  the  standard. 

The  relative  weights  given  in  Table  II  are  in  each  case 
the  average  derived  from  six  separate  designs,  corresponding  to 
six  different  hydrostatic  loads.    72  girders  were  computed  in  all. 

TABLE  n. 
Weights  of  Horizontal  Girders. 


• 

Straight  Girders 

Curved 
Girders 

ThlCKIlflflfl       .....«..............*. .*.wr«««-r 

5  ft.    6  ft.   7  ft.     8  ft. 
1.21     1.08    1.00     1.02 
. 0.97     0.93     0.95 

9  ft. 
1.02 

6  ft.    6  ft. 

Bise  of  Sm,  ^  Lock  Width.. 
Bise  of  sm,  %  Lock  Width.. 

0.78     0.79 
0.83     0.85 

TABLE  in. 
Weights  of  Oomplete  Oates. 


Bise  of  Sill.  )4  Width 

Rise  of  Sill,  %  Width 

Straight  Leaf 
7  ft.  Thick 

Curved  Leaf 
6  ft.  Thick 

Straight  Leaf 
7  ft.  Thick 

Curved  Leaf 
6  ft.  Thick 

77  ft.  Gate  

1.00 
1.00 
1.00 

0.92 
0.95 
0.93 

0.97 
0.98 
0.97 

0.94 

45  ft.  Gate 

0.95 

All  gates  on  canal 

0.95 

The  tables  show  that  the  smaller  rise  of  sill  would  give  a 
sKght  saving  in  weight  for  the  straight  type.  It  would,  however, 
require  mueh  thicker  masonry  walls,  as  the  pressure  exerted  by 
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the  gates  at  right  angles  to  the  wall  would  be  40  percent  greater. 
The  larger  rise  of  1/4  was,  therefore,  adopted.  It  has  the  fur- 
ther advantage  of  reducing  the  arc  through  which  the  leaves 
swing.  The  tables  show,  further,  that  the  saving  in  favor  of 
the  curved  type,  though  it  is  over  20  percent  for  the  individual 
girders,  is  much  less  when  the  entire  gate  is  considered,  the  aver- 
age for  all  the  gates  on  the  canal  being  only  7  percent.  It  was 
found  that  this  small  saving  in  weight  would  be  outweighed  by 
the  greater  cost  of  constructing  curved  gates.  Estimates  sub- 
mitted by  experienced  contractors  indicated  an  increase  in  the 
unit  prices  of  fully  15  percent,  making  the  cost  of  the  arched 
type  7  percent  higher.  The  experience  gained  in  building  the 
gates  shows  that  this  was  a  decided  under-estimate.  It  is  believed 
that  straight  gates  would  have  been  preferable,  even  if  they  had 
cost  somewhat  more  than  curved  gates.  Among  their  advantages, 
perhaps  the  most  important  is  the  shallower  recess  in  the  lock 
walls.  For  the  shapes  used  in  Table  III,  the  depths  of  the  recesses 
were  8  ft.  6  in.  for  the  straight,  and  12  ft.  6  in.  for  the  curved 
leaf,  so  that  in  order  to  avoid  excessive  stresses  in  the  masonry 
it  would  have  been  necessary  to  increase  the  thickness  of  the 
entire  middle  wall  considerably  if  curved  gates  had  been  used. 
The  saving  in  masonry  would,  of  itself,  have  justified  the  adop- 
tion of  the  straight  leaf. 

Further  advantages  are  the  greater  width  of  the  straight 
gate,  which  adds  to  the  rigidity  and  renders  the  interior  more 
accessible,  and  the  more  favorable  position  of  the  centre  of 
gravity,  which  is  entirely  inside  of  the  leaf,  so  that  the  stresses, 
when  it  is  swinging  clear,  are  very  moderate.  Besides  this,  the 
straight  shape  has  some  practical  advantages  during  construction. 
The  girders  are  much  easier  to  handle,  so  that  railroad  and  steam- 
ship companies  readily  agreed  to  ship  them  fully  riveted  from 
the  contractors'  works  in  the  United  States  to  the  lock  sites,  while 
curved  girders  could  only  be  handled  in  several  sections,  requir- 
ing a  large  amount  of  field  splicing.  There  was  also  little  doubt 
that  the  simpler  shape  would  assure  more  accurate  workmanship 
and  reduce  the  liability  to  errors. 

From  the  computations  given  above  and  the  other  consid- 
erations mentioned,  the  straight  leaf  7  ft.  thick  appeared,  on  the 
whole,  to  be  preferable  to  any  other  form.     However,  before 
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making  a  final  decision  it  was  necessary  to  make  sure  that  a 
leaf  of  this  form  would  have  the  requisite  stiffness.  This  ques- 
tion was  extremely  important,  especially  in  such  high  gates. 
Mathematical  analysis  was  of  little  assistance.  From  a  com- 
parison with  lai^e  gates  previously  built,  it  was  thought  that 
the  7-ft.  leaf  would  prove  entirely  satisfactory  as  far  as  rigidity 
is  concerned.    It  was,  therefore,  decided  to  adopt  the  form  shown 
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on  Plate  II  for  all  gates.     As  a  matter  of  fact,  the  gates,  in 
actual  operation,  have  proved  to  have  ample  stiffness. 
General  Description  of  the  Gates. 

The  structural  arrangement  of  the  gates  is  shown  on  Plate 
III,  the  general  plan  of  the  82-ft.  leaf.  The  other  gates 
differ  mainly  in  the  number  and  spacing  of  the  horizontal  gir- 
ders and  the  thickness  of  the  sheathing  and  cover  plates.  The 
distances  between  girders  were  made  as  nearly  uniform  as  pos- 
sible, only  three  different  panel  heights — 3  ft.  8  in.,  4  ft.  2  in. 
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and  5  ft.  0  in.  being  need  in  all  the  gates.  This  helped  to  make 
the  girders  and  other  parts  interchangeable,  not  only  in  any  one 
leaf,  hut  in  all  the  gates  on  the  canal.  The  rather  close  spacing 
was  found  necessary  in  order  to  avoid  excessive  loads  on  the 
girders.  Near  the  bottom,  a  still  smaller  panel  height  would 
have  been  more  economical,  but  would  have  made  access  to  the 
interior  too  difficult.  The  vertical  system  of  gate-framing  with 
only  two  horizontal  girders  and  numerous  vertical  beams  was  con- 
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sidered,  but  foimd  vmeconomical  and,  in  fact,  not  practicable 
for  such  large  and  high  leaves. 

The  frame  or  skeleton  of  the  gate  consists  essentially  of  the 
horizontal  girders,  the  vertical  bracing,  the  intercostals  which 
stiffen  the  sheathing  plates  at  intervals  of  about  two  feet,  and 
two  vertical  diaphragms  in  each  panel,  built  in  bntween  the  gir- 
ders, which  transfer  the  thrust  of  the  leaves  along  the  quoin  and 
miter  posts  to  the  web  plates  in  the  horizontals.  Sheathing, 
doubling  and  cover  plates  are  riveted  to  the  upstream  and  down- 
stream sides  of  the  main  frame,  while  the  ends  of  the  leaf  are 
closed  by  flat  vertical  plates  connected  to  the  girders  by  con- 
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tinuous  bent  plates.  The  details  of  the  sheathing  plates  are 
shown  on  Plates  IV  and  V.  They  are  from  7/16  in.  to 
1  in.  thick,  and  were  built  in  three  lengths  on  the  upstream,  and 
two  lengths  on  the  downstream  side.  The  width  of  the  sheathing 
plates  corresponds  to  the  panel  height.  The  eover  plates  on  the 
girders  outside  of  the  sheathing  were  built  in  single  lengths. 
Where  two  covers  were  necessary,  the  shorter  was  made  6  or  7 
inches  narrower  than  the  other  to  allow  easy  caulking  along  all 
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edges.  Typical  girder  sections  are  given  on  Plates  II  and 
IV.  The  flange  consists  in  almost  all  cases  of  8-in.  by  8-in. 
angles  on  the  upstream,  and  6-in.  by  6-in.  angles  on  the  down- 
stream sides.  The  web  plates  are  from  1/2  in.  to  15/16  in.  thick 
and  have  angle  or  I-beam  stiffeners  at  intervals  of  about  two 
feet.  Towards  the  ends,  the  webs  are  strongly  reinforced  to 
transmit  the  heavy  thrust. 

The  vertical  bracing,  end  diaphragms  and  the  intercostals 
are  shown  on  Plates  II  and  IV.  There  are  seven  lines 
of  vertical  bracing,  consisting  of  plate-and-angle  frames  built  in 
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between  the  horizontals  and  forming  practically  continuous  gir- 
ders from  the  top  to  the  bottom  of  the  gates.  The  intercostals 
consist  of  8-in.  ship  channels,  except  in  the  panels  having  little 
or  no  strain,  where  they  are  replaced  by  6-in.  by  3^-in.  angles. 

The  lower  part  of  the  leaf  forms  an  air  or  flotation  chamber, 
subdivided  into  four  water-tight  compartments,  while  the  upper 
part  is  arranged  to  permit  the  water  to  flow  in  and  out  freely  as 
the  level  in  the  lock  rises  and  falls.  Flotation  chambers  are 
rather  undesirable,  and  can  generally  be  avoided  in  smaller 
gates.  At  Panama  a  single-skin  design  was  practically  out  of 
the  question,  as  it  would  have  made  the  size  of  the  pintle  on 
which  the  leaf  rests  and  the  hinge  pin,  at  the  top,  unduly  large, 
besides  requiring  an  undesirable  arrangement  of  the  sill  to  avoid 
excessive  uplift,  when  the  gates  are  closed.  The  air  chambers 
reduce  the  weight  of  the  leaf  to  1/3  to  1/4  of  the  total  weight  in 
the  dry.  They  are  accessible  at  the  bottom  by  manholes  when 
the  locks  are  pumped  out,  and  at  all  times  by  a  manshaft  and 
ladders  extending  to  the  top  of  the  leaf.  As  shown  in  Plate 
VI,  there  is  in  each  leaf  a  centrifugal  pump  driven  by  an  elec- 
tric motor  and  controlled  by  a  float  switch  on  the  top  deck.  The 
rivet  spacing  and  other  structural  details  in  the  gates  followed 
the  rules  for  high-grade  ship  and  structural  work,  and  do  not 
need  special  comment.  Some  important  parts  should,  however, 
be  described  more  fully,  which  presented  special  diflSculties  and 
required  somewhat  novel  details. 

These  are,  first,  the  anchorages  and  their  connections,  and 
the  pintle  and  other  members  supporting  the  weight  of  the  gates ; 
second,  the  quoin  and  miter  bearings,  and  the  sills;  and  third, 
the  foot-walks  and  hand-railings. 

Anchorages  and  Gate  Supports. 

The  general  arrangement  of  the  anchorage  is  given  on 
Plate  VII,  while  the  connecting  parts  in  the  leaf  are  shown 
in  the  structural  plans.  The  longitudinal  and  transverse  anchors 
extend  about  30  feet  into  the  concrete.  The  former,  which  is 
always  in  tension,  has  the  usual  eyebar  form.  The  transverse 
anchor,  departing  from  previous  practice,  is  a  stiflf-riveted  frame. 
It  sustains  reversing  stresses — ^an  outward  pull  and  inward 
thrust  for  different  positions  of  the  leaf — without  depending  on 
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the  strength  of  the  concrete  near  the  top.  The  aDChor  frames 
were  shipped  from  the  United  States  completely  riveted  up  and 
■were  erected  without  difficulty.     A  heavy  steel  casting  at  the 


Tig.  i.     QkMf  ID  0ppar  Look,  Oatnn. 


top  of  the  wall  is  fastened  to  both  anchors,  the  details  providing 
a  small  adjustment  to  allow  for  errors.  The  yoke,  a  smaller  east- 
ing of  vanadium  steel,  is  connected  to  the  larger  casting  by  an 
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adjustable  system  of  wedges.  It  carries  the  bronze  bushing,  in 
which  the  main  pin  turns,  and  transmits  the  pull  of  the  gate,  due 
to  its  own  weight,  to  the  anchors.  Sample  yokes  tested  to  destruc- 
tion sustained  a  pull  of  over  3,000,000  pounds,  or  nearly  six  times 
the  greatest  working  load.  The  pin  is  10  in.  in  diameter  and  of 
wrought  nickel-steel.  It  acts  in  double  shear,  being  fastened  to 
the  web  plate  of  the  top  girder  and  also  to  a  special  jaw  plate, 
which  is  securely  bolted  to  the  top  girder  and  the  sheathing. 

In  the  design  of  the  pintle,  and  the  other  parts  supporting 
the  weight  at  the  bottom,  existing  practice  was  followed  quite 
closely.  They  are  shown  in  the  general  plans  and  on  Plate 
YIII.  The  pintle  is  16  inches  in  diameter,  hemispherical  in  shape 
and  made  of  hammered  nickel  steel.  It  is  secured  in  a  vanadium- 
steel  casting,  the  weight  being  distributed  by  a  larger  casting 
of  carbon  steel  that  rests  directly  on  the  concrete.  A  cast  shoe, 
also  of  vanadium  steel,  is  fastened  to  the  gate,  and  carries  the 
bushing  which  turns  on  the  pintle.  The  bushings  are  carbon- 
steel  castings  in  the  gates  that  are  always  in  salt  water,  and 
manganese-bronze  in  the  others.  Zinc  rings  were  used  in  certain 
of  the  gates  to  protect  the  bronze  from  electrolytic  corrosion. 

Quoin  and  Miter-Post  Bearings  and  Sills. 

The  bearings  along  the  quoin  and  miter  posts  in  almost  all 
existing  lock  gates,  are  of  timber.  At  Panama  the  high  pressures 
made  it  difiScult,  if  not  impossible,  to  use  wood  without  making 
the  bearing  of  excessive  width  or  increasing  the  stresses  beyond 
safe  limits.  Timber  is  also  rather  short-lived  in  tropical  waters. 
Metallic  bearings  were,  therefore,  adopted  for  the  quoin  and 
miter  posts,  but  the  clapping  sills  attached  to  the  bottom  of  the 
leaf  and  the  sill  timbers  in  the  masonry  are  of  greenheart  timber. 

The  metallic  bearings  are  required  to  have  great  compres- 
sive strength,  as  the  thrust  exerted  by  the  leaves  against  each 
other  and  against  the  fixed  quoins  amounts,  in  some  places,  to 
fully  300,000  pounds  per  vertical  foot.  The  joints  must  also  be 
practically  water-tight,  as  separate  timber  cushions  are  not  used 
to  prevent  leakage  as  in  most  other  gates  with  metallic  bearings. 
It  was  by  no  means  easy  to  find  a  satisfactory  method  for  obtain- 
ing such  perfect  contact  on  surfaces  nearly  80  feet  in  height.  As 
the  total  length  of  the  bearing  pieces  in  all  the  gates  is  very 
great,  in  fact  almost  three  miles  in  all,  the  importance  is  appar- 
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ent  of  making  the  adjustment  in  an  inexpensive  and  still  exact 
manner.  Machining  the  plates  after  erection  was  very  undesir- 
able, as  the  rapid  changes  in  temperature  would  have  made  it 
difficult  to  obtain  accurate  results,  while  the  method  would,  in 
any  event,  be  slow  and  very  expensive. 

The  scheme  finally  adopted  is  shown  on  Plate  IX,  Figs.  8  and 
9.  Heavy  steel  caistings  were  embedded  in  the  lock  walls  at  the 
hollow  quoins  when  the  concrete  was  poured.  These  castings  vary 
in  width  at  different  elevations,  to  keep  the  pressure  on  the  con- 
crete constant.  Similar  castings  were  attached  to  both  ends  of 
the  gates  by  rivets  and  bolts,  in  sections  corresponding  to  the 
panel  heights.  The  bearing  pieces  are  smoothly  finished  plates  of 
rolled  nickel  steel  about  3  in.  thick,  secured  to  the  castings  in 
machined  recesses  provided  for  the  purpose.  They  are  secured 
by  small  bolts  placed  about  18  inches  apart.  After  the  bearing 
pieces  were  accurately  aligned,  melted  babbitt  metal  was  poured 
into  the  spaces  between  the  castings  and  the  plates.  On  the 
miter  posts,  the  bearing  pieces  are  slightly  convex,  having  a 
radius  of  16  feet,  so  that  the  surface  of  contact,  which  is  very 
narrow,  cannot  depart  far  from  the  center  of  the  plate.  At  the 
quoin  end,  the  plate  attached  to  the  gate  is  convex,  and  bears 
against  a  concave  surface  in  the  hollow  quoin.  The  radii  are 
10y2  in.  and  12  in.,  respectively,  so  that  the  difference  in  curva- 
ture is  about  the  same  as  at  the  miter  bearings.  The  strength  of 
the  bearings  was  demonstrated  by  numerous  special  tests  made 
prior  to  the  adoption  of  the  design,  which  have  been  corroborated 
by  the  action  of  the  gates  in  service.  Theoretical  investigation 
proved  of  little  value  in  ascertaining  the  stresses. 

The  shapes  and  clearances  of  the  masonry  and  gate  leaf  at 
the  quoin  end  were  carefuUy  arranged  to  facilitate  the  adjust- 
ing of  the  bearing  plates,  and  the  pouring  of  the  babbitt.  The 
pintle  has  an  eccentricity  of  3^/^  in.,  with  reference  to  the  center 
of  pressure,  which  insures  the  easy  opening  and  closing  of  the 
leaf.  The  method  used  in  adjusting  the  plates  will  be  described 
in  detail  when  the  erection  of  the  gates  is  discussed.  This  type 
of  bearing  is  believed  to  be  entirely  novel.  It  has  so  far  proved 
very  satisfactory,  as  there  are  practically  no  deformations  at  the 
bearings  and  no  leakage  through  the  joints.  The  design  has  been 
followed  in  several  large  locks  built  subsequently. 
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The  details  of  the  sills  are  shown  on  Plate  X.  The  fixed 
sill  consists  of  12-in.  by  14-in.  timbers,  bolted  to  a  continuous 
steel  easting,  and  set  in  cement  mortar  to  give  a  better  bearing 
and  facilitate  adjustment.  The  sill  is  strengthened  by  inclined 
and  vertical  rods  imbedded  in  the  masonry,  which  are  held  in 
position  by  light  angle-iron  frames  which  keep  the  rods  in  posi- 
tion while  the  concrete  is  being  placed.  The  clapping  sill  fast- 
ened to  the  leaf  differs  from  common  practice  by  the  addition 
of  a  rubber  seal  to  prevent  leakage.  This  consists  of  a  narrow 
strip  of  pure  rubber  secured  to  a  3-in.  by  2-in.  angle-iron  bolted 
to  the  leaf.  This  seal  seems  to  fulfill  its  purpose  in  a  satisfactory 
manner.  It  is  shown  on  Plate  X. 
Foot-walks. 

The  foot-walks  consist  of  removable  concrete  slabs  with  a 
cast  iron  curbing.  In  the  lower  guard-gates  the  walk  is  8  ft. 
wide,  and  has  a  fixed  gas-pipe  railing.  In  all  other  leaves,  its 
width  is  about  2  ft.  9  in.,  and  a  collapsible  railing  is  provided, 
which  is  lowered  when  necessary  to  avoid  interference  with  the 
tow  lines.  A  simple  screw  mechanism  operated  by  an  electric 
motor  on  the  top  of  the  gates  is  used.  It  works  automatically  as 
the  leaves  open  and  close,  but  can  also  be  operated  by  a  push- 
plate  on  the  lock  wall.  The  arrangement  is  shown  on  the  gen- 
eral gate  plans  and  in  greater  detail  on  Plate  XI. 
Material  and  Workmanship. 

As  far  as  possible,  steel  made  in  accordance  with  the  usual 
bridge  or  ship  standards  was  used;  special  alloy  steels  and 
bronzes  being  confined  to  a  few  parts.  All  steel  was  made  by 
the  open-hearth  process.  The  specified  requirements  for  the  dif- 
ferent grades  were  as  given  on  the  following  page. 

The  usual  bending  and  drifting  tests  were  also  required. 
Some  difficulty  was  encountered  in  securing  nickel  steel  agreeing 
exactly  with  the  specifications.  As  this  material  is  used  only  in 
compression,  a  moderate  increase  in  hardness  and  reduction  in 
ductility  were  permitted.  All  other  grades  met  the  requirements 
fully. 

The  babbitt  metal  used  for  backing  up  the  bearing  plates  on 
the  quoin  and  miter  posts  contains  about  90  percent  of  lead,  8 
percent  of  antimony  and  small  quantities  of  tin  and  copper. 

When  tested  in  samples  4  in.  square  it  withstood  a  compres- 
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sive  stress  of  25,000  lbs.  per  square  inch  without  permanent 
deformation. 

A  high  grade  of  workmanship  was  necessary  in  order  to 
obtain  accurate  dimensions  and  a  proper  distribution  of  the 
stresses.  The  requirements  usual  in  the  highest  grade  of  bridge 
and  tank  work  were,  therefore,  specified,  and  great  care  was 
taken  to  secure  accurate  work.  Steel  templates  were  used  for 
laying  out  all  important  parts;  and  the  ends  of  the  horizontal 


Pig.  5. 

girders,  end  diaphragms  and  castings  were  ''finished"  to  secure 
correct  angles  and  lengths. 

All  sheared  edges,  except  in  a  few  minor  details,  were  planed, 
as  well  as  all  rolled  edges  that  were  to  be  caulked.  Seven-eighths- 
and  one-inch  rivets  were  used  in  almost  all  cases.  In  metal  over 
%  in.  thick,  the  holes  were  first  drilled  from  the  solid,  while  sub- 
punching  was  used  in  thinner  material.  The  diameter  of  these 
sub-punched  or  drilled  holes  was  specified  to  be  %  in.  smaller 
than  the  nominal  rivet  diameter,  but  a  diameter  of  H  in.  was 
actually  used  for  most  of  the  rivets.    After  assembly  in  the  shop 
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or  field,  all  these  holes  were  enlarged  by  reaming.  All  bolt  holes 
were  also  reamed  out  in  the  shop  or  field,  a  driving  fit  being 
required  in  all  important  eases. 

Further  requirements  as  to  workmanship  are  referred  to 
under  ''Erection." 
Stresses. 

The  stresses  in  the  gates  fall  under  two  heads :  those  due  to 
their  weight  and  those  due  to  water  pressure. 

The  former  govern  the  design  of  the  anchorages  and  their 
connections,    also    of   the    pintles   and    castings   that   support 
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the  weight  of  the  leaves  at  the  bottom  and  of  some  ad- 
jacent parts  of  the  gates  themselves.  These  stresses  have 
maximum  values  when  the  leaf  is  swinging  in  the  dry,  which 
are  reduced  by  buoyancy  when  the  locks  are  in  service.  All  parts 
were  proportioned  to  be  of  ample  strength  under  the  maximum 
stresses  in  the  dry,  but  the  bearing  areas  in  the  pintles  and 
hinge  pins,  on  which  the  leaves  turn,  were  based  on  the  working 
loads  with  water  in  the  locks.  The  inclined  reaction  at  the  bot- 
tom varies  with  the  weight  of  the  gate,  while  the  horizontal  pull 
at  the  top  is  nearly  constant  for  all  leaves  in  the  dry,  varying 
only  from  276  to  289  tons.     (See  Pig.  5.) 

The  arrangement  of  the  longitudinal  and  transverse  anchors 
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18  shown  on  Fig.  6.  The  former  is  always  in  tension,  the  pull 
being  greatest  when  the  leaf  is  wide  open,  while  the  transverse 
anchor  is  subjected  to  reversing  stresses,  the  maximum  outward 
pull  corresponding  to  the  closed  and  the  greatest  thrust  to  the 
open  position.  The  diagram  gives  the  forces  acting  on  the 
anchors  for  a  gate  puU  of  unity,  Prom  these  the  valura  for  the 
several  gates  can  readily  be  found.  The  maximtun  unit  stress  is 
17,000  lbs.  per  sq.  in.  in  the  eyebars  and  from  8000  to  14,000  lbs. 
per  sq.  in.  in  the  transverse  frames.    The  working  stresses,  with 


PH.  7. 


forty-one  feet  of  water  on  the  sills  are  from  22  to  33  percent  of 
the  above  values. 

The  pressures  on  the  pintle  are  from  1600  to  2400  lbs.  per 
square  inch  for  the  different  gates  when  the  locks  are  in  service. 
In  the  dry  they  vary  from  7300  lbs.  to  9000  lbs,  per  sq.  in.  On  the 
hinge  pin  at  the  top  the  pressures  are  5700  lbs.  under  extreme, 
and  from  1200  to  1800  lbs.  per  sq.  in.  under  working  conditions. 
The  loading  on  the  concrete  below  the  foundation  casting  never 
exceeds  400  lbs.  per  square  inch.  When  the  gates  are  closed,  with 
a  full  head  on  the  upstream  and  none  on  the  downstream  side,  the 
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weight  on  the  pintle  varies  from  56  to  100  tons  for  different  gates. 
This  gives  perfect  safety  against  uplift.  A  further  reduction 
was  not  feasible,  as  the  air  chambers  could  not  be  made  any 
higher. 

The  stresses  in  the  gates  when  they  are  supporting  water 
pressure  can  not  be  found  with  great  accuracy.  The  uncertainty 
arises  mainly  from  the  varying  pressure  against  the  sill,  but  also 
from  the  complex  construction,  which  makes  the  stresses  indeter- 
minate, even  when  all  external  forces  are  known.  It  is  possible, 
however,  to  find  values  which  will  not  be  exceeded  in  actual 
service.  The  gates,  as  a  whole,  are  under  their  highest  stress 
when  supporting  a  full  head,  with  no  water  on  the  downstream 
side,  and  to  secure  uniformity,  this  extreme  condition  was 
assumed  throughout,  though  in  some  of  the  gates  it  will  rarely, 
if  ever,  occur. 

The  principal  parts  carrying  stress  are  the  sheathing,  the 
intercostals  and  the  main  horizontal  girders.  Besides  this,  the 
vertical  diaphragms  which  transmit  the  end  thrust  and  the  verti- 
cal bracing  must  be  considered.  The  sheathing  was  computed  as 
a  flat  plate,  though  it  also  acts  as  a  part  of  the  horizontal  girder 
flange.  Bach's  formula  was  used,  with  coeflScients  for  ''sup- 
ported" edges,  viz.: 


/       1    H 


1  +  i^ 


in  which  t  is  the  thickness  of  the  plate  in  inches,  a  and  b  the 
height  and  width  of  the  panel,  H  the  head  in  feet,  and  s  the 
stress  in  the  steel  in  pounds  per  square  inch.  The  permitted 
stress,  s,  was  8000  lbs.  for  the  downstream  face,  where  the  local 
stress  is  greatest  when  the  gates  as  a  whole  carry  no  load.  For 
the  upstream  sheathing,  it  was  reduced  to  5000  lbs.,  as  the  plates 
on  this  side,  besides  supporting  the  direct  water  pressure,  also  act 
as  part  of  the  girder  flange  when  the  gate  is  resisting  an  hydro- 
static head. 

The  intercostals  were  computed  as  beams  on  two  supports, 
with  maximum  stresses  of  12,000  lbs.  per  square  inch.    The  load 

carried  by  an  intercostal  was  taken  as    ^  ,  ,^  ir,  a  and  6  being  the 

height  and  width  of  the  panel  and  W  its  total  load. 
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The  horizontal  girders  act  as  arches  for  transferring  the 
hydrostatic  load  to  the  side  walls,  though  in  most  cases,  owing  to 
the  vertical  stiffness  of  the  leaf,  a  part  of  the  load  is  carried  to 
the  sills.  The  sill  pressure  is  uncertain,  as  it  depends  upon  the 
length  of  the  leaves,  and  varies  with  the  temperature  and  with 
changes  in  the  quoin  and  miter  bearings  and  the  sill  timbers.  In 
proportioning  the  girders,  it  was  necessary,  in  each  case,  to 
assume  the  most  unfavorable  case  of  sill  contact.  The  typical 
loading  used  is  shown  on  Fig.  7.  Towards  the  bottom  the  full 
hydrostatic  load  corresponding  to  ''no  contact"  was  assumed, 
while  for  the  girders  within  about  20  feet  from  the  top  a  mini- 
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mum  head  of  20  feet  was  adopted  to  avoid  unduly  light  construc- 
tion. The  girders  near  the  middle  of  the  height  were  shown  by 
an  extended  analysis  which  can  not  be  given  here,  to  carry 
somewhat  heavier  loads  than  those  due  to  water  pressure,  at 
least  in  gates  over  54  ft.  8  in.  high.  A  small  percentage  was, 
therefore,  added  to  the  hydrostatic  loads  which  act  on  these 
girders. 

For  convenience,  the  computations  were  based  on  a  typical 
girder  supporting  100  feet  of  head  on  a  horizontal  strip  a  foot 
high,  corresponding  to  a  load  of  6250  lbs.  per  linear  foot  of 
girder  flange.    The  coefficient  C  of  this  girder  was  taken  as  1,  so 

that  the  different  girders  have  coeflScients  C  =  j^,  d  being  the 

hydrostatic  head  at  the  elevation  of  the  girder  and  6  the  height 
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of  sheathing  supported  by  it.  The  cross  sections  of  horizontals 
are  directly  proportional  to  their  coeflScients. 

The  external  forces  acting  on  girders  in  the  water  and  air 
chambers,  respectively,  are  shown  in  Fig.  8.  In  the  former  case 
the  water  pressure  acts  on  the  inner  face  of  the  downstream 
sheathing,  while  in  Case  II,  corresponding  to  the  air  chambers, 
the  pressure  is  directed  against  the  outside  of  the  upper  face. 

The  stress  at  each  cross  section  may  be  considered  as  due  to 
a  single  resultant,  which,  as  a  rule,  does  not  act  at  right  angles 
to  the  section  nor  at  its  center  of  gravity.  Near  the  ends,  the 
pressure  is  taken  mainly  by  the  reinforced  web,  as  the  resultant 
acts  close  to  the  centre  of  gravity.  At  other  points,  the  assump- 
tion, usual  in  plate  girder  design,  was  made  that  the  shear  is 
resisted  entirely  by  the  web  and  the  normal  force  by  the  chords. 

Cose  I    Waterchambmr 
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Fig.    9. 

In  addition  to  the  angles  and  cover  plates,  one-sixth  of  the  web 
and  a  strip  of  sheathing  from  4^  in.  to  6  in.  wider  than  the 
widest  cover  plate  were  included  in  the  chord  sections.  The 
results  obtained  under  the  above  assumptions,  agreed  within 
reasonably  close  limits  with  those  obtained  by  more  complex 
methods,  in  which  the  web  was  assumed  to  take  a  part  of  the 
bending  stress.  The  permissible  imit  stress  was  fixed  at  14,000 
lbs.  per  square  inch.  If,  as  is  probable,  the  whole  sheathing  acts 
as  part  of  the  girder  flange,  the  stresses  would  be  from  1500  to 
4000  lbs.  less. 

The  flange  sections  were  determined  at  the  center  of  the 
leaf  and  at  a  point  in  the  downstream  face  26  feet  from  the  center 
line,  also  where  necessary  at  the  ends  of  cover  plates.  The  gov- 
erning stresses  were  compressive,  the  tensile  stresses  at  the  middle 
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of  the  downstream  face  being  quite  small.  The  method  used  will 
be  readily  understood  from  the  following  example.  Let  Pig.  9  rep- 
resent a  girder  in  the  water  chamber  having  a  coefficient  C  =  1. 
If  Pi  is  the  resultant  thrust  on  the  central  section,  a^,  its  dis- 
tance from  the  downstream  face,  and  F^  and  F^  the  required 
cross  sections,  we  have  by  moments  about  0, 


IK] 

2.4O0A  — 1U.'^Z» 

For  a  coefficient  C  =  1  we  have 


Piai  =  0.112  N  +  32.456  K— 16.228  ^, 


N=Pi  =  405700  lbs.  and  ^  =  A"=  202850  lbs. 
SO  that 

.        405700  X  0.112  4-  202850  X  32.456  — 202850  X  16.228      ^  „,  ., 

A\  = m--7iA =8.24  ft. 

40o/00 

Increasing  a^  by  3  in.  to  allow  for  incorrect  mitering,  change  of 
temperature,  etc.,  and  assuming  the  centre  of  gravity  of  each 
flange  at  the  back  of  its  chord  angles,  we  obtain  by  moments 
about  0  and  Oj, 

„       405700  X  (8. 24  +  .  25)      492050 

^'  = 7^ =  — T" 

and 

405700  X  (8.24  +  .25  —  7)  _  86355 


F2  = 


1b  8 


For  a  unit  stress  of  14,000  lbs.  per  square  inch,  these  equations 
give  F^  =»  35.10  square  inches,  and  F^  =  6.16  square  inches,  F^ 
being  in  tension.  The  results  for  all  cross  sections  are  given  in 
the  following  table : 

Beqnired  Girder  Sections  in  sq.  In.  for  coefficient  C  =  l 

Water  Air 

Chamber     Chamber 

Upstream  flange  at  center  line 35.10  36.76 

Downstream  flange  at  center  line 6.16  4.71 

Upstream  flange  15  ft.  from  center  line 27.97  29.58 

Downstream  flange  26  ft.  from  center  line....  15.30  16.75 

For  other  girders  the  required  sectional  area  is  obtained  by 
multiplying  the  above  values  by  the  coefficient  C  of  the  girder. 

The  web  plates  are  14  in.,  %  in.  and  %  in.  thick,  except  in 
the  bottom  girders,  which  have  ^f-in.  webs  in  all  gates  over  54 
ft.  8  in.  high  to  resist  direct  water  pressure.     The  maximum 
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shear  occurs  at  a  point  24  feet  from  the  center  line,  where  the 
depth  of  the  leaf  is  78.6  inches.  If  *  =»  the  web  thickness,  the 
total  shear  f  or  C  =  1  will  be  24  by  6250  =  150,000  lbs.  and  the 

.,   ,  150000     1906,^  .     ^ 

unit  stress  =   „q  ^^  =  — --  lbs.  per  square  inch. 

Computed  on  this  basis,  the  shearing  stresses  for  the  web 
plates  in  the  different  gates  vary  from  4500  to  7000  per  square 

inch. 

The  end  diaphragms  withstand  a  thrust  which  is  equal  to 
B  =  72.572  X  6250  C.  =  453575  C,  if  C  =  the  mean  coefficient 
of  adjacent  girders.  The  dimensions  of  the  diaphragms  depended 
largely  on  the  rivet  connections.  A  unit  stress  of  10,000  lbs. 
was  used. 

The  vertical  bracing  was  designed  to  be  of  ample  strength  to 
transfer  to  the  sill  a  load  of  50,000  lbs.  per  linear  ft.,  but  the 
design  of  the  details  was  governed  mainly  by  practical  con- 
siderations. 
Erection. 

The  erection  of  the  gates  at  the  lock  sites  formed  a  part  of 
the  lock  gate  contract.  The  methods  to  be  used  were  left  to  the 
contractors,  though  their  plans  were  subject  to  approval  by  the 
Chief  Engineer  of  the  Commission.  The  scheme  proposed  in  the 
beginning  proved  entirely  satisfactory  and  was  modified  but 
slightly  during  the  progress  of  the  work.  The  erection  was  a 
work  of  much  difficulty,  owing  in  part  to  the  large  size  and 
number  of  the  gates  and  the  high  degree  of  accuracy  required, 
and  in  part  to  the  remote  location,  the  climatic  conditions  and 
the  character  of  the  labor  available. 

The  plant  installed  at  each  lock  site  included  a  power  house 
with  electrically-driven  air  compressors  and  motor-generator  sets, 
several  erection  bridges,  numerous  locomotive  cranes  and  false- 
work frames,  besides  a  large  quantity  of  smaller  machines  and 
accessories.  The  necessary  electric  current,  water  and  coal  and 
the  locomotives  for  switching  service,  were  furnished  free  of 
charge  by  the  Commission,  but  all  supplies,  the  complete  erecting 
plant  and  all  labor  were  paid  for  by  the  contractors. 

All  material  was  received  at  the  lock  sites  by  rail,  the  stor- 
age yards  being  situated  on  one  side  only  of  each  lock,  and  quite 
close  to  the  lock  walls. 
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Little  difficulty  was  met  with  in  delivering  the  steel  work 
in  excellent  condition,  although  the  girders,  some  1500  in  all,  were 
65  ft.  long  and  weighed  as  much  as  18  tons  each.  These  girders 
and  also  the  vertical  frames  and  diaphragms,  and  some  minor 
parts,  were  riveted  up  complete  in  the  United  States.  The 
arrangement  of  the  service  tracks  is  shown  on  Plate  IX, 
Fig.  1.  The  two  tracks  extended  as  a  rule  the  entire  length  of 
the  lock,  and  in  some  cases  additional  tracks  were  provided  so 
as  to  enlarge  the  area  available  for  storage.  As  shown  in  the 
plan,  the  track  nearest  the  lock  was  connected  by  a  curve  to  the 
rails  on  the  erection  bridges  which  span  the  lock  chambers  and 
the  middle  walls.  These  bridges  and  their  positions  when  in  use 
are  shown  in  Figs.  2,  3  and  4,  Plate  IX,  and  in  some  of  the  photo- 
graphs. They  were  moved  forward  on  the  lock  walls  from  gate 
to  gate,  being  supported  on  the  temporary  extension  pieces  shown 
in  Fig.  3,  Plate  IX. 

Practically  all  handling  was  done  by  locomotive  cranes  which 
first  unloaded  the  material  in  the  storage  yards  and  subsequently 
served  for  placing  the  separate  parts  on  flat  cars,  towing  the 
cars  on  to  the  erection  bridges,  and  finally  lowering  the  members 
into  their  permanent  positions  in  the  gates. 

The  work  of  erection  was  divided  into  three  parts :  first,  the 
erection  proper,  that  is,  putting  of  the  material  in  place  and 
fastening  it  by  temporary  bolts ;  second,  the  bolting  up  and  ream- 
ing out  of  the  rivet  holes,  the  driving  of  the  field  rivets,  and  the 
caulking;  third,  the  finishing — ^which  included  the  attachment 
and  adjusting  of  the  reaction  castings  and  bearing  plates,  the 
moving  of  the  leaves  into  position  on  the  pintles  and  their  con- 
nection to  the  anchorages;  finally,  the  testing  for  water  tight- 
ness, the  adjusting  of  the  sill  timbers,  the  erection  of  the  foot 
walks  and  other  minor  parts,  and  the  painting. 

Erection  proper  began  for  each  leaf  with  the  placing  of  the 
bottom  girder  to  which  the  castings  at  the  pintle  end  and  the 
reaction  frame  at  the  miter  end  had  been  permanently  fastened 
in  the  storage  yard.  Two  cranes  were  used  for  handling  this 
girder,  which  weighed  24  tons.  One  crane  was  sufficient  for  all 
other  gate  parts.  The  girder  was  lowered  on  to  a  platform  of  I 
beams  which  rested  on  the  sill  walls  and  on  small  temporary 
pedestals  of  concrete.     This  blocking  was  just  high  enough  to 
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permit  the  leaf  to  clear  the  pintle  when  it  was  being  rolled  into  its 
final  position.  As  shown  in  Fig.  2,  Plate  IX,  the  leaf  was  placed 
about  4  ft.  from  its  final  position,  and  at  an  angle  of  45°  with  the 
lock  walls.  The  rest  of  the  skeleton  was  then  built  up,  the  vertical 
frames  being  attached  in  each  panel  before  the  successive  hori- 
zontals were  lowered  into  place.  The  intercostals  were  usually 
placed  later.  Great  care  was  taken  to  keep  the  ends  of  the  gate 
as  straight  as  possible,  and  the  entire  leaf  was  carefully  plumbed 
before  any  rivets  were  driven  in  the  sheathing.  During  the 
entire  erection  guy  lines  were  kept  attached  to  the  leaves  at  the 
top  and  at  a  point  half  way  up.  The  ends  were  rarely  out  of 
plumb  more  than  ^  in.  in  the  height  of  the  gate.  The  total 
height  was  kept  within  %  in.  of  the  nominal  dimension  by  using 
adjustable  fillers  at  every  fourth  panel  when  necessary. 

The  rivets  in  the  skeleton,  that  is,  those  connecting  the  ver- 
tical frames,  diaphragms  and  intercostals  to  the  girders,  were 
next  driven.  The  holes  for  these  rivets  had  been  reamed  to  their 
full  size  in  the  shop,  using  special  templates.  The  erection  proper 
was  completed  by  attaching  the  sheathing,  cover  and  doubling 
plates.  Only  a  small  number  of  bolts  was  inserted  at  this  time 
so  as  to  release  the  erection  bridges  as  soon  as  possible  for  use 
elsewhere. 

The  second  step  in  the  erection  process  was  the  bolting  up, 
reaming  and  riveting.  The  reaming  was  done  in  part  by  small 
pneumatic  or  electric  reamers,  but  mainly  by  larger  machines 
similar  to  those  used  in  shops,  which  were  carried  on  heavy 
platforms  suspended  from  the  top  of  the  gates. 

The  riveting  was  done  mainly  from  small  platforms  attached 
to  the  leaves  by  brackets.  Towards  the  end  of  the  work  complete 
scaffolds  were  built  on  both  sides  of  the  gates.  Standard  pneu- 
matic machines  were  used  for  all  rivets,  except  the  countersunk 
rivets  in  the  end  plates,  which  were  driven  by  hand  in  order 
to  distort  these  plates  as  little  as  possible.  The  riveters  were 
mainly  West  Indian  negroes  without  any  previous  experience 
in  mechanical  work,  with  white  gang-leaders.  The  total  num- 
ber of  field  driven  rivets  was  nearly  6,000,000,  and  660,000  were 
driven  in  a  single  calendar  month  without  working  over  eight 
hours  per  day  or  on  Sundays.  After  the  riveting  was  practically 
done,  the  entire  downstream  face  of  the  gate  and  the  ux)stream 
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face  of  the  air  chamber  were  caulked  to  water  tightness.  Stan- 
dard pneumatic  machines  were  used. 

The  third  step  in  the  erection  process — the  finishing — waa 
hegiin  by  attaching  the  reaction  castings  along  the  quoin  and 
miter  posts  to  which  the  bearing  plates  are  secured.  These  bear- 
ings have  been  fully  described  in  a  previous  section  of  this 
paper. 

In  order  to  insure  good  contact  between  the  reaction  cast- 
ings on  the  gates  and  the  structural  frames,  the  end  plates  in 


the  latter  were  carefully  ground  with  emery  wheels,  though  no 
attempt  was  made  to  obtain  an  absolutely  true  surface  for  the 
whole  height  of  the  leaf.  As  the  castings  are  only  one  panel  high, 
it  was  deemed  sufficient  to  secure  a  good  bearing  for  each  east- 
ing separately,  especially  along  the  outer  edges  of  the  casting 
and  opposite  the  reaction  diaphragms.  Small  depressions  were 
not  considered  objectionable.  The  final  exact  alignment  of  the 
bearings  was  obtained  by  adjusting  the  bearing  plates  which  are 
fastened  in  the  recesses  of  the  castings.    To  insure  water  tight- 
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ness  a  sheet  of  canvas,  soaked  in  red  lead,  was  placed  between 
these  end  plates  and  the  castings,  while  wedge-shaped  plates 
were  used  in  the  space  between  the  flanges  on  the  castings  and 
the  gate  sheathing  plates.  All  edges  were  fully  caulked  where 
necessary. 

The  nickel-steel  bearing  plates  were  next  attached  to  the 
castings,  but  were  not  finally  adjusted  until  the  leaf  had  been 
moved  onto  the  pintle  and  attached  to  the  anchorage. 

The  leaves,  while  they  were  being  moved  into  place,  were 
supported  by  two  steel  false- work  frames,  one  on  each  side  of  the 
leaf,  which  are  illustrated  on  Figs.  5  and  6  of  Plate  IX.  They 
were  put  in  place  by  locomotive  cranes  standing  on  the  lock  walls, 
after  practically  all  the  rivets  had  been  driven  and  were  attached 
to  the  gates  by  numerous  temporary  bolts.  These  frames  stood  on 
pedestals  which  rested  on  rollers,  as  shown  in  Fig.  7  of  Plate  IX. 
A  wedge  in  these  pedestals  permitted  the  frames  to  be  raised 
slightly  so  that  the  leaf  hung  suspended  between  them.  The 
frames  were  then  moved  on  their  rollers  by  means  of  hydraulic 
jacks  until  the  leaf  was  in  its  proper  position,  when  it  was  low- 
ered onto  the  pintle  and  the  top  hinge  connected  to  the  an- 
chorage. 

The  steel  bearing-plates  at  the  quoin  and  miter  ends  were 
a  novel  feature  of  the  design,  and  their  erection  and  accurate 
adjustment  required  great  care.  The  details  of  these  bearings 
are  shown  in  Figs.  8  and  9  of  Plate  IX. 

The  castings  embedded  in  the  fixed  quoins  were  put  in  place 
by  the  Commission's  forces  when  the  concrete  was  poured,  but 
the  adjusting  of  the  bearing  plates  in  these  castings  formed  a 
part  of  the  gate  contract.  Many  of  the  castings  were  set  some- 
what out  of  line,  but  the  adjustment  of  the  plates  provided  for 
in  the  plans  proved  ample  in  almost  all  cases.  The  plates  were 
attached  to  these  castings  by  permanent  1-in.  bolts  spaced  about 
17  in.  apart.  Their  exact  adjustment  was  made  by  these  bolts 
and  by  temporary  stud  bolts  placed  at  intervals  of  about  2  feet 
along  the  center  line  of  the  plates.  A  fine  steel  wire  was  fastened 
at  the  top  and  the  bottom  of  the  quoin  so  as  to  pass  exactly 
through  the  center,  to  which  the  curved  surfaces  of  the  bearing 
plates  were  to  be  set,  a  metallic  template  of  proper  shape  being 
used.     It  is  believed  that  the  deviation  in  the  surface  does  not 


114   LOCK  GATES,  CHAIN  FENDERS  AND  LOOK  ENTRANCE  CAISSON 

exceed  4/1000  to  5/1000  of  an  inch  from  a  correct  position,  ex- 
cept where  the  machining  was  defective.  Melted  babbitt  metal 
was  next  poured  into  the  spaces  between  the  plates  and  the  cast- 
ings through  some  of  the  bolt  holes  at  intervals  of  about  4  feet. 
Little  diflSculty  was  experienced  in  pouring  the  metal  success- 
fully, though  a  rather  large  melting  pot  and  a  high  temperature 
were  found  to  be  desirable.  In  order  to  avoid  explosions  from 
dampness,  it  proved  necessary  to  blow  hot  compressed  air  into 
the  spaces  to  be  filled  just  before  pouring.  The  joints  between 
the  bearing  plates  and  the  castings  were  caulked. 

The  bearing  plates  in  the  leaves  themselves  were  adjusted 
in  a  similar  manner.  They  were  loosely  bolted  to  the  castings 
before  the  leaves  were  placed  on  their  pintles.  For  the  accurate 
adjustment  at  the  miter  ends,  the  following  method  was  used: 
The  leaves  were  revolved  to  a  closed  position  and  the  bearing 
pieces  at  the  miter  end  at  the  top  and  bottom  were  so  placed  as 
to  divide  the  available  distance  as  equally  as  possible  so  that 
the  average  thickness  of  babbitt  metal  should  be  the  same  in  both 
leaves,  and  the  nickel  steel  pieces  should  project  beyond  the  cast- 
ings an  equal  amount.  This  work  was  done  at  about  6 :30  A.  M. 
when  the  leaves  have  their  minimum  length.  The  gates  were 
then  partly  opened  and  a  wire  stretched  on  one  of  the  leaves  from 
the  top  to  the  bottom.  All  plates  in  that  leaf  were  brought  to 
this  straight  line  by  screw  adjustment  and  at  once  babbitted. 
After  the  plates  in  one  leaf  were  thus  secured,  the  leaves  at  the 
same  hour  on  a  succeeding  morning  were  again  closed  to  exactly 
the  same  position  as  shown  by  a  mark  on  the  sill.  The  bearing 
plate  at  the  bottom  of  the  second  leaf  was  then,  by  means  of  the 
screw  bolts,  forced  into  close  contact  with  the  corresponding 
plate  of  the  leaf  first  babbitted.  The  plate  at  the  top  was  not 
brought  into  direct  contact  with  the  bearing  on  the  first  leaf^ 
but  a  small  piece  of  steel  ^  inch  thick  was  interposed  while  the 
plate  was  being  adjusted.  This  was  done  so  that  a  small  open- 
ing might  remain  between  the  leaves,  as  it  is  desirable,  in  op- 
eration, to  have  the  leaves  meet  first  at  the  bottom. 

After  again  opening  the  leaves  a  wire  was  tightly  stretched 
on  the  second  leaf  so  as  to  touch  the  top  and  bottom  bearings. 
The  bearings  were  accurately  adjusted  to  this  wire  and  babbitted. 
The  two  leaves  were  subsequently  closed,  again  in  the  early 
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morning,  to  test  their  exact  fitting,  and  slight  inaccuracies  re- 
moved by  emery  wheels.  As  a  result  of  the  process  described 
there  should  be  a  space  between  the  leaves  in  the  early  morning, 
varying  uniformly  from  0  at  the  bottom  to  ^  in.  at  the  top.  It 
was  found  that  during  the  day  the  leaves  do  not  elongate  at  the 
bottom,  while  at  the  top  they  gradually  expand  until  about  2 
P.  M.,  at  least  in  sunny  weather;  the  maximum  extension  was 
found  to  be  as  high  as  ^  in.,  or  even  14  u^-  -^.t  such  times  a 
straight  line  drawn  from  the  top  to  the  bottom  of  a  leaf  would 
not  touch  the  metal  at  all  points,  as  the  surface  is  slightly  con- 
cave. The  deviations  were  found  to  be  very  small,  not  over  a 
few  thousandths  of  an  inch  in  any  case.  These  conditions  will 
change  somewhat  after  the  gates  have  been  in  service  longer,  as 
the  pins  will  wear,  allowing  the  leaves  to  sag  slightly.  So  far 
the  bearings  have  remained  absolutely  water  tight. 

For  the  plates  at  the  quoin  ends  of  the  leaf,  a  simpler  method 
was  used.  With  the  leaves  accurately  closed  against  the  sill,  the 
several  bearing  plates  were  forced  against  the  fixed  plates  in  the 
hollow  quoins  so  as  to  secure  very  perfect  contact  for  their 
whole  height.  With  the  plates  firmly  held,  the  leaf  was  then 
revolved  to  an  open  position  and  the  babbitt  metal  poured 
through  holes  in  the  face  of  the  plates.  The  adjustments  of  the 
plates  in  both  quoin  and  miter  ends  was  made  by  the  permanent 
bolts  which  fastened  the  plates  to  the  castings,  and  small  tem- 
porary bolts  or  jacks  pressing  against  the  ends  of  the  permanent 
bolts.  The  adjustment  at  the  quoin  ends  almost  always  pre- 
ceded the  miter  post  adjustment. 

The  adjustment  of  the  timbers  at  the  sill  was  made  after  the 
miter  and  quoin  bearings  were  completely  finished.  These  tim- 
bers rest  in  castings.  A  space  about  1  in.  wide  was  left  on  the 
bottom  and  back  of  the  timbers  for  grouting.  The  timbers  were 
adjusted  by  pressing  them  against  the  gate  leaves  when  the 
latter  were  closed. 

AU  leaves  were  carefully  tested  for  water  tightness.  In 
order  to  do  this  the  leaf  was  blocked  up  securely  and  the  entire 
air  chamber  filled  with  water,  the  manshaft  being  also  filled  to 
the  very  top  of  the  leaf  so  that  the  hydrostatic  head  at  the  bot- 
tom was  equal  to  the  full  height  of  the  gates.  Any  leaks  along 
the  caulked  seams  or  at  the  rivets  were  at  once  corrected  by 
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caulking.  The  tightness  of  the  bulkheads  subdividing  the  air 
chambers  was  afterwards  tested  by  successively  emptying  the 
several  compartments,  thus  exposing  the  bulkheads  to  pressure 
on  one  side.  The  leaves  in  the  tests  showed  but  few  and  unim- 
portant leaks  so  that  as  a  rule  a  leaf  was  made  absolutely  water 
tight  in  a  few  hours. 
Painting. 

The  protection  of  the  gates  from  corrosion  is  very  difficult 
at  Panama,  as  the  atmosphere  is  always  humid  and  the  water 
in  the  locks  contains  considerable  percentages  of  sulphuretted 
hydrogen,  carbonic  acid  and  other  impurities  owing  to  the  large 
amount  of  decaying  vegetation.  Repainting  is  difficult  and  ex- 
pensive, and  may  also  cause  a  serious  delay  in  the  traffic,  as  the 
locks  have  to  be  operated  continuously  through  all  seasons  of  the 
year.  It  was  therefore  thought  justifiable,  even  at  a  somewhat 
increased  expense,  to  use  the  very  best  available  means  of  pro- 
tecting the  gates.  All  material  in  the  shops  was  thoroughly 
cleaned  by  sand  blasting  or  pickling,  priming  coats  being  ap- 
plied immediately  after  this  cleaning.  For  the  entire  interior, 
bitumastic  enamel  was  selected,  a  proprietory  compound  which 
is  applied  hot  and  has  been  used  on  shipboard  for  a  long  time 
with  excellent  results.  These  surfaces  were  given  a  priming 
coat  of  ** bitumastic  solution"  which  was  applied  cold  in  the  shop, 
and  the  enamel  was  applied  after  the  gates  were  fully  erected. 
Coatings  of  this  kind  are  very  much  more  expensive  than  or- 
dinary paints  and  require  great  care  in  application.  The  in- 
terior surfaces  coated  in  this  way  have  so  far  remained  in  per- 
fect condition  in  both  the  air  and  water  chambers  of  the  gates. 

On  the  outside  of  the  gates  several  different  kinds  of  paint 
were  applied  in  order  to  find  out  by  actual  trial  that  which  is  on 
the  whole  most  suitable.  At  Gatun  two  coats  of  red  lead  and 
two  coats  of  a  paint  containing  about  equal  parts  of  red  lead 
and  graphite  were  used,  while  at  Pedro  Miguel  three  coats  of  a 
damp-proof  paint,  and  at  Miraflores  two  coats  of  a  proprietory 
carbon  paint  were  applied.  Some  of  the  gates  that  are  always 
in  salt  water  were  given  one  coat  of  United  States  Navy  anti- 
corrosive  and  one  coat  of  anti-fouling  over  priming  coats  of  red 
lead.  None  of  these  paints  has  proved  satisfactory  for  the  por- 
tions of  the  gates  permanently  submerged.     Surfaces  that  are 
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always  above  the  high  water  level,  and  even  those  which  are  at 
times  under  water,  have  remained  in  good  condition  in  all  the 
locks,  that  is,  all  the  paints  have  proved  satisfactory,  except  in 
parts  permanently  submerged. 

Since  the  summer  of  1914,  the  gates  have  been  largely  re- 
painted, using  the  guard  gates  as  coflferdams,  where  feasible. 
Since  the  floating  caissons  reached  the  Isthmus  in  October,  1914, 
those  surfaces  in  the  lower  locks  not  previously  accessible  have 
also  been  recoated. 
Weights  and  Gosts. 

There  are,  in  all,  46  gates  of  two  leaves  each,  of  which  20  are 
in  the  Gatun,  12  in  the  Pedro  Miguel  and  14  in  the  Miraflores 
Locks.  Their  locations  in  the  lock  chambers  are  shown  on  Plate 
I.  Six  of  the  gates  are  47  ft.  4  in.  high  from  the  top  of  the 
walls  to  the  sill;  four,  54  ft.  8  in.;  two,  66  ft.  0  in.;  twenty, 
77  ft.  0  in. ;  four,  77  ft.  10  in. ;  eight,  79  ft.  0  in. ;  and  two,  82  ft. 
0  in.  high. 

The  shipping  weight  of  the  metal  work  in  all  the  gates  was 

58,582  tons  of  2000  pounds.     The  total  costs  of  the  completed 

gates,  not  counting  the  fixed  steel  embedded  in  the  concrete,  nor 

the  pumps,  motors  and  electric  wiring,  are  shown  in  the  following 

table: 

Cost  of  Gates. 

Total  Per  ton          Per  lb. 

Contract  payments  $5,510,846.05  $  94.07  4.70  cents 

Miscellaneous  expenses  484,525.91  8.27  0.41     " 

Inspection  in  United  States 129,241.45  2.21  0.11     *' 

Inspection  on  Isthmus  70,232.76  1.20  0.06     " 


1,194,846.17         $105.75         5.28     *' 

The  cost  of  the  inspection  amounted  to  3.32  percent  of  the 
total  cost  exclusive  of  inspection,  of  which  2.15  percent  covered 
the  shop  and  1.17  percent  the  field  inspection. 

The  weight  of  the  fixed  parts,  i.  e.,  the  anchorages,  reaction 
castings,  sill  reinforcements,  and  foundation  castings,  was  ap- 
proximately 8322  tons,  or  about  14  per  cent  of  the  weight  of  the 
gate  leaves.  The  cost  of  the  fixed  parts  delivered  on  the  Isthmus 
was  $576,974.30.  The  average  weights  and  contract  costs  of  the 
several  gates  were  as  follows,  the  figures  being  given  for  one  leaf 
in  each  case : 
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Heights    Weight  in  tons    Contract  costs 

Upper  guard  gate 47'  4"  395  $38,861.00 

Lower  guard  gate 47'  4"  402  39,459.00 

Gate    54'  8"  465  45,261.00 

Lower  guard  gate 66'  0"  574  54,830.00 

Gate    77'  0"  692  64,952.00 

Gate    77'  10"  693  65.111.00 

Gate    79'  0"  722  67,525.00 

Gate    82'  0"  745  69.656.00 

The  weights  of  the  several  leaves  when  in  use  are  from  18  to 
27  tons  greater  than  the  figures  given  in  the  last  table,  as  the 
concrete  foot  walks,  the  cement  filling  in  the  bottom  panel,  the 
mitering  machines,  the  pumps,  motors  and  electric  wiring,  and 
some  minor  accessories  were  not  included. 

The  principal  contract  prices,  per  unit,  for  the  erected  ma- 
terial, were  as  follows :  Riveted  structural  work,  including  riv- 
ets, 3.785c.  per  lb.;  turned  steel  bolts  and  nuts,  7.3c.  per  lb.; 
carbon-steel  castings,  7.86c.  per  lb. ;  vanadium-steel  yokes  and 
lower  pintle  castings,  12.3c.  per  lb. ;  other  vanadium-steel  cast- 
ings, 11.2c.  per  lb. ;  forged  or  rolled  nickel  steel,  11.7c.  per  lb. ; 
manhole  covers  (cast  steel),  22.2c.  per  lb. ;  bronze  bushings,  41.0c. 
per  lb. ;  hand-railing,  including  mechanism,  32.1c.  per  lb. ;  valves 
and  stufSng  boxes  in  pumping  system,  67.4c.  per  lb.;  piping  in 
same,  12.8c.  per  lb. ;  babbitt  metal  back  of  bearing  plates,  12.26c. 
per  lb. ;  greenheart  timbers  in  sills  and  fenders,  $132.00  per  M. 
ft.  B.  M.  The  enamel  in  the  interior  and  two  coats  of  paint  on 
the  outside  of  the  gates  are  included  in  the  above  prices. 

The  lock  gates  were  built  under  a  contract  with  the  McClin- 
tic-Marshall  Construction  Company,  of  Pittsburgh,  Pa.,  dated 
June  21, 1910.  The  field  erection  began  about  June  1,  1911,  and 
was  entirely  completed  in  January,  1914,  although  the  gates 
were  suflSciently  advanced  to  permit  the  lockage  of  vessels  from 
ocean  to  ocean  by  October  1,  1913,  through  one  of  the  twin 
flights. 

CHAIN  FENDERS. 

The  chain  fenders  serve  for  protecting  certain  of  the  lock- 
gates  against  injury  from  collision.  As  shown  on  the  general 
plan  of  the  locks,  Plate  I,  the  gates  thus  guarded  are  those 
in   the   upper   and   lower   approaches   to   each   lock,    as   well 
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as  the  iDtermediate  and  lower  operatlDg  gates  at  Pedro  Miguel 
and  in  the  upper  chambers  at  Gatun  and  Miraflores. 

These  gates  are  more  likely  to  be  struck  than  any  others, 
as  vessels  are  more  frequently  out  of  control  in  these  parts  of 
the  locks  and  the  destruction  of  these  gates  might  also  be 
especially  disastrous  to  the  canal  as  a  whole. 

The  fenders  consist  essentially  of  heavy  chains,  which  nor- 
mally remain  stretched  across  the  locks  near  the  surface  of  the 
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water,  being  lowered  to  the  bottom  of  the  chamber  when  vessels 
nnder  proper  control  are  ready  to  pass  the  gates.  When  acci- 
dentally struck,  the  chains  pay  out  against  a  resistance,  so  as  to 
stop  the  vessels  gradually  with  aa  little  injury  as  possible. 

Chain  fenders  similar  to  those  used  at  Panama  have  been 
employed  in  Great  Britain  for  the  last  fifteen  or  twenty  years. 
In  these  English  fenders  the  resistance  to  paying  out  is  obtained 
by  the  friction  of  two  or  more  turns  of  the  chain  about  a  fixed 
horizontal  drum  or  bollard  placed  on  one  of  the  lock  walls.    The 
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chain,  usually  a  1%-in.  chain,  is  lowered  and  raised  by  an  hy- 
draulic engine  on  the  other  wall.  This  mechanism  appears  to 
work  well  as  far  as  raising  and  lowering  the  chains  are  con- 
cerned, but  the  method  used  for  producing  the  resistance  in  an 
emergency  appears  to  be  somewhat  crude  and  likely  to  be  un- 
certain in  its  action. 

An  extended  study  was  made  to  arrive  at  a  more  satisfac- 
tory design.  The  use  of  a  heavy  chain  arranged  for  raising  and 
lowering  was  adhered  to  in  all  the  preliminary  designs.  It  was 
thought  best,  however,  to  install  the  machinery  for  raising  and 
lowering  the  chain,  as  well  as  the  mechanism  for  furnishing  the 
resistance  in  an  emergency,  on  both  of  the  lock  walls.  It  was 
thought  that  if  the  chain  were  lowered  from  both  sides  it  could 
not  fail  to  rest  on  the  bottom  for  the  entire  width  of  the  lock, 
while  in  the  English  fenders  it  had  proved  necessary  to  install 
small  additional  chains  for  pulling  the  large  chains  into  the 
comers  at  the  bottom  of  the  lock,  so  as  to  avoid  fouling  vessels. 
This  trouble  was  not  met  with  in  the  operation  of  the  Panama 
fenders,  so  that  the  symmetrical  arrangement  seems  justified.  It 
also  greatly  increases  the  capacity  of  the  fender  in  stopping 
vessels. 

Various  designs  were  considered,  diiBfering  in  the  mechanism 
for  lowering  and  raising,  as  well  as  in  the  emergency  resistance. 

Three  forms  of  resistance  were  studied:  First,  the  raising 
of  heavy  weights ;  second,  the  friction  of  metallic  surfaces ;  third, 
the  friction  of  a  fluid  flowing  through  a  small  orifice. 

Winding  engines  moved  by  electric  motors  were  adopted 
for  raising  and  lowering  the  chains  in  the  first  two  types,  while 
in  the  plan  using  a  fiuid  resistance,  the  chain  is  raised  and 
lowered  by  hydraulic  machinery. 

The  principal  objection  to  the  use  of  weights  for  checking 
the  travel  of  the  chain  is  the  enormous  mass  required  when 
large  vessels  are  to  be  stopped.  Very  large  recesses  in  the 
masonry  would  be  necessary,  while  the  length  of  chain  available, 
and  hence  the  total  capacity  of  the  fender,  proved  to  be  less  than 
with  other  types.  This  type  of  fender  was  made  the  subject  of 
preliminary  study  only. 

Designs,  using  metallic  and  hydraulic  friction,  respectively, 
were  quite  fully  developed.    In  the  first  case,  the  machine  pro- 
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posed  resembled  quite  closely  the  anchor  windlasses  with  wild- 
cat sprocket  wheels  used  on  ship  board.  A  post  brake  with 
metallic  surfaces  was  to  be  connected  to  the  main  shaft  of  the 
winding  engine.  In  case  of  emergency  the  brake  would  be 
brought  into  action  automatically  by  a  tripping  device  for  lower- 
ing a  heavy  counterweight. 

The  machine  promised  to  be  thoroughly  eflScient  when  in 
good  working  order,  but  had  some  serious  drawbacks  inherent 
in  its  type.  These  are:  First,  variability  of  the  coefficient  of 
friction,  which  would  be  especially  great  in  the  Isthmian  climate ; 
second,  the  complicated  device  necessary  for  lowering  the  coun- 
terweight; third,  the  use  of  wildcat  sprocket  wheels  at  rather 
high  speeds.  For  this  and  other  reasons  the  hydraulic  type  was 
finally  chosen. 

The  adopted  design  is  shown  on  Plate  XII,  which  rep- 
resents the  machinery  installed  in  all  the  pits,  except  in  the 
lower  approaches  to  Miraflores  Lock,  where  the  great  range  of 
the  tide  made  it  necessary  to  modify  the  design  slightly. 

The  mechanism  for  raising  and  lowering  the  chain  con- 
sists of  a  system  of  hydraulic  cylinders  operated  by  an  electrically 
driven  centrifugal  pump,  and  the  necessary  sheaves,  bearings 
and  connections  for  attaching  and  supporting  the  chain.  There 
are  two  fixed  cylinders,  one  at  the  top  and  the  other  at  the  bot- 
tom of  the  pit,  and  a  moving  intermediate  cylinder  to  which  the 
two  lower  chain  sheaves  are  connected  by  eyebars.  Two  similar 
fixed  sheaves  at  right  angles  to  the  lower  sheaves  are  supported 
on  riveted  girders  spanning  the  pit  at  the  top.  The  weight  of 
the  upper  cylinder  is  also  suspended  from  the  girders.  The  chain 
passes  through  a  heavy  hawse-pipe  casting  of  steel  in  the  lock 
wall,  being  supported  on  an  idler.  The  hawse-pipe  is  secured 
to  riveted  steel  anchors  deeply  embedded  in  the  concrete.  The 
chain  makes  a  quarter  turn  around  one  of  the  upper  sheaves, 
then  passes  down  and  makes  a  half- turn  around  one  of  the  lower 
movable  sheaves,  coming  up,  it  next  makes  a  half-turn  around 
the  second  sheave  at  the  top  and  then  goes  down  on  the  other 
side  of  the  machine.  It  then  makes  a  half-turn  around  the  sec- 
ond movable  sheave,  and  passing  up  is  securely  fastened  to  one 
of  the  beams  at  the  top. 

The  vertical  forces  resulting  from  the  upward  pressure  of 
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the  cylinder  and  the  downward  pull  of  the  chain  on  the  upper 
sheaves,  are  practically  balanced,  as  the  cylinder  and  bearings 
are  attached  to  opposite  sides  of  the  same  girders.  The  tension 
in  the  horizontal  portion  of  the  chain,  leading  from  the  first 
fixed  sheave  to  the  hawse-pipe  is  balanced  by  the  compressive 
force  in  the  riveted  strut  connecting  the  horizontal  beams  to  the 
hawse-pipe  casting.  In  this  way  the  total  horizontal  pull  ex- 
erted by  the  chain  in  the  emergency  case,  as  well  as  in  daily 
service,  is  transferred  to  the  anchorage.  The  dimensions  and 
strength  of  the  cylinders,  as  well  as  of  the  riveted  parts  and  of 
all  the  details  were  based  on  a  pull  of  600,000  lbs.  on  the  chain, 
which  is  somewhat  in  excess  of  the  ultimate  strength  of  the 
chains. 

The  upper  cylinder  is  of  cast  steel,  with  an  internal  diameter 
of  40  in.  and  metal  2  in.  thick.  It  is  built  up  of  two  sections  and 
a  cover,  connected  by  male  and  female  fianges  and  steel  bolts. 
Bronze  bushings  are  provided  at  the  bottom  of  the  cylinder  and 
at  a  point  about  half-way  up,  as  guides  for  the  moving  cylinder. 

The  interior  of  the  large  cylinder  is  machined  only  where 
the  bushings  are  inserted.  The  intermediate  or  moving  cylinders 
are  made  of  cast  iron  in  two  sections,  connected  by  interior 
flanges  and  bolts.  The  metal  is  21/^  in.  thick  with  closely  spaced 
horizontal  ribs  to  withstand  the  heavy  collapsing  pressure  acting 
on  the  outside  in  emergency  service.  The  cover  is  of  cast  steel. 
The  outside  of  this  cylinder  was  turned  to  a  uniform  diameter  of 
38  in. 

The  lower  cylinder  is  a  cast  iron  plunger  25  in.  in  diameter 
cast  in  one  section  and  connected  to  a  heavy  base  casting  securely 
anchored  to  the  concrete  at  the  bottom  of  the  pit. 

The  joints  between  the  intermediate  and  upper  cylinders 
and  between  the  intermediate  and  lower  cylinders  are  kept  tight 
by  stuflSng  boxes  and  glands  with  hemp  packing.  They  may  be 
tightened  without  removing  any  part  or  interfering  with  the 
operation  of  the  machine.  Any  leakage  at  the  stuffing  boxes  may 
be  readily  observed  on  the  outside.  In  this  respect,  a  system  of 
plungers  is  better  than  a  cylinder  and  piston,  besides  being 
cheaper  and  avoiding  the  great  difficulty  of  boring  out  such  large 
cylinders  smoothly,  especially  if  made  of  cast  steel. 

The  sheaves  are  steel  castings ;  they  are  grooved  wheels  with- 


LOCK  GATES,  CHAIN  FENDERS  AND  LOCK  ENTRANCE  CAISSON       123 

out  sprockets.  The  peripheral  surfaces  on  either  side  of  the 
grooves  are  not  cylindrical,  but  slightly  conical,  the  diameter  at 
the  faces  of  the  wheels  being  a  little  smaller  than  close  to  the 
grooves.  This  somewhat  novel  form  results  in  a  closer  contact 
between  the  chain  link  and  the  sheave,  and  reduces  the  bending 
moment  on  the  links.  The  arrangement  of  the  sheaves  gives  a 
four-fold  reduction.  The  maximum  stroke  of  the  moving  cylin- 
der is  21  ft.  3  in.,  so  that  the  chain  pays  out  85  feet  from  each 
wall,  a  length  which  is  sufficient  for  lowering  it  to  the  bottom 
of  the  deepest  lock  and  gives  ample  travel  to  the  chain  when 
stopping  vessels. 

The  arrangement  of  the  pump,  the  valves  and  the  piping 
is  shown  on  the  general  plans  and  the  small  diagram  of  Plate 
XII.  The  chain  is  lowered  and  raised  by  introducing  water 
under  pressure  into  the  bottom  and  top  cylinders  respectively. 
The  pressure  required  in  the  first  case,  mainly  for  lifting  the 
heavy  moving  parts,  is  about  160  lbs.  per  square  inch,  while  on 
the  downward  stroke,  little  power  is  required,  except  at  the  very 
end  of  the  travel,  where  the  tension  in  the  chain  rises  rapidly. 

It  may  be  noted  that  the  pipe  leading  from  the  pump  to  the 
bottom  of  the  pit  is  fitted  with  a  check  valve  which  closes  against 
upward  fiow,  while  a  by-pass  in  the  same  line  has  an  ordinary 
gate  valve.  By  keeping  the  latter  almost  entirely  closed,  the  rate 
of  flow  is  kept  very  small  on  the  downward  stroke,  so  that  a 
vacuum  is  avoided  in  the  upper  cylinder  without  increasing  the 
size  of  the  pump  unreasonably.  When  raising  the  cylinder  the 
flow  is,  of  course,  through  the  main  pipe.  The  open  tank  re- 
ceives the  extra  volume  of  water  displaced  from  the  upper  cylin- 
der on  the  upward  stroke.  It  is  placed  high  enough  to  keep  all 
parts  of  the  piping  flooded,  so  as  to  avoid  a  possible  vacuum.  All 
the  pipes  and  fittings  are  of  steel,  excepting  in  the  suction  line 
from  the  tank.  The  pump  has  a  6-inch  suction  and  a  5-inch  dis- 
charge. It  is  of  two-stage  design,  the  first  being  of  the  volute, 
and  the  second  of  the  turbine  type,  and  is  direct  connected  to  a 
70-hp.  induction  motor,  making  460  to  500  revolutions  per 
minute. 

The  operating  valve  for  changing  the  direction  of  flow  is  of 
special  design.  It  is  a  double  piston  valve  operated  by  a  small 
motor. 
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The  travel  of  the  cylinder  is  controlled  by  a  limit  switch 
mechanism  connected  to  the  upper  sheaves.  This  is  also  arranged 
to  automatically  start  the  pump,  when  through  leakage  the  cyl- 
inder has  moved  a  predetermined  distance  from  its  upper  or 
lower  position. 

The  operating  valve  and  pump  motors  in  normal  service  are 
started  simultaneously  from  the  central  control  house.  At  the 
end  of  the  stroke,  the  pump  is  stopped  by  the  limit  switch,  the 
valve  remaining  unchanged.  Local  control  is  also  provided. 
The  time  required  for  raising  or  lowering  the  chain  in  the  deepest 
lockchamber  is  about  one  minute. 

The  chains  were  made  from  soft  wrought  iron  bars  3  in.  in 
diameter,  the  links  being  about  10  in.  by  17  in.  in  size.  The  sec- 
tion spanning  the  lock  is  a  stud-link  chain,  while  the  parts  that 
pass  over  the  sheaves  have  open  links.  The  breaking  strength  of 
the  stud-link  chaia  is  about  500,000  lbs.,  and  of  the  open-link 
chain  about  450,000  lbs.  The  proof  tests  to  which  all  the  lengths 
of  chain  were  subjected  are  300,000  lbs.  and  275,000  lbs.,  for  the 
stud-  and  open-link  sections  respectively. 

As  the  function  of  the  fender  is  the  stopping  of  vessels  in 
case  of  impact,  the  most  important  feature  of  the  design  is  the 
means  provided  for  this  purpose. 

The  total  resistance  to  the  travel  of  the  chain  is  produced 
in  part  by  the  weights  of  the  intermediate  cylinder  and  other 
moving  parts,  in  part  by  the  internal  friction  of  the  machinery, 
and  the  friction  of  the  chain  along  the  hawse-pipe  casting,  in 
part  by  the  resistance  produced  by  the  flow  of  water  through 
special  valves,  inserted  in  the  piping  system. 

The  position  of  the  operating  valve,  when  the  chain  is  in 
place  across  the  top  of  the  lock,  is  shown  on  the  piping  diagram. 
If  the  chain  is  struck  by  a  vessel  the  pressure  in  the  upper  cylin- 
der rises,  but  cannot  exceed  a  maximum  fixed  by  the  setting  of 
the  resistance  valve.  It  is  maintained  at  this  maximum  as  the 
chain  pays  out  under  strain  and  the  water  from  the  cylinder  is 
discharged  through  one  or  both  of  the  valves. 

The  resistance  valve  was  selected  from  several  designs  by 
full  size  shop  and  field  tests. 

In  the  former,  water  under  varying  pressure,  up  to  750  lbs. 
per  square  inch,  was  supplied  by  a  pump  and  accumulator,  and 
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the  pressure  maintained  at  the  valve  was  continuously  recorded 
by  steam  engine  indicators.  In  the  field  tests,  one  of  the  fender 
machines  was  fully  assembled  in  its  pit,  but  the  central  portion 
of  the  chain,  which  spans  the  lock  chamber,  was  disconnected.  A 
pull  was  then  exerted  on  the  chain  that  remained  connected  to 
the  machinery  by  the  winding  engine  of  a  Lidgerwood  unloader, 
placed  on  the  other  wall.  The  pressure  in  the  cylinder  was 
gradually  raised,  by  changing  the  setting  of  the  resistance  valve, 
to  a  maximum  of  630  lbs.  per  square  inch.  Numerous  indicator 
cards  were  taken  for  various  valve  settings.  Very  uniform  press- 
ures were  shown  on  the  cards  obtained  from  both  of  the  valves 
tested,  indicating  that  imder  actual  working  conditions  a  very 
constant  resistance  can  be  counted  upon. 

As  the  result  of  these  tests,  a  valve  made  by  the  Ross  Valve 
Manufacturing  Company,  of  Troy,  N.  T.,  was  selected.  It  is  a 
differential  piston-valve  of  6  in.  diameter,  the  main  valve  being 
regulated  by  a  small  auxiliary  valve,  which  is  directly  connected 
to  the  upper  cylinder  of  the  fender,  so  that  the  pressure  in  the 
cylinder  itself  is  regulated,  eliminating  the  variable  friction  loss 
in  the  piping  between  the  cylinder  and  the  valve. 

A  final  series  of  tests  was  afterwards  made  to  determine  the 
resistance  to  the  paying  out  of  the  chain  resulting  from  the 
weight  of  the  moving  cylinder  and  other  parts  and  the  fric- 
tional  resistances  in  the  machine  and  hawse-pipe.  For  this 
purpose  an  hydrodynamometer  was  inserted  in  the  cable  close  to 
the  winding  engine  and  the  rope  pull  determined  from  indicator 
cards  taken  at  the  dynamometer.  By  taking  cards  simultaneously 
in  the  main  cylinder  of  the  fender  machine  and  at  the  dyna- 
mometer, the  total  friction  was  readily  found. 

As  the  result  of  these  tests,  it  was  decided  to  set  the  resist- 
ance valves  for  a  pressure  of  360  lbs.  per  square  inch.  For  this 
pressure,  the  frictional  resistance  proved  to  be  about  equal  to  the 
resistance  due  to  the  pressure  in  the  cylinder.  Under  these  con- 
ditions the  working  load  on  the  chain  would  be  about  220,000  lbs. 
or  from  40%  to  50%  of  its  breaking  strength. 

As  the  friction  is  likely  to  be  somewhat  less  in  actual  ser- 
vice, it  is  believed  that  the  stress  used  is  proper  for  emergency 
conditions. 

The  stopping  power  of  the  fender  depends  on  its  distance 
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from  the  gate  it  protects,  as  well  as  the  working  stress  on  the 
chain.  The  minimum  distance  is  70  feet  from  hollow  quoin  to 
chain.  With  a  pull  of  220,000  lbs.  a  vessel  of  5000  tons  dis- 
placement and  moving  at  5.5  knots  should  be  checked  without 
injury  to  the  gate,  assuming  that  its  propelling  machinery  is  at 
rest  when  it  strikes  the  chain.  For  vessels  of  10,000  and  60,000 
tons,  the  corresponding  speeds  are  3.9  and  1.5  knots.  The  vessel 
in  each  case  is  supposed  to  be  moving  along  the  axis  of  the  lock, 
so  that  the  chain  pays  out  equally  from  both  lock  walls. 

In  the  lower  approaches  to  Miraflores  locks,  the  great  tidal 
range  made  a  modified  design  necessary,  which  is  shown  on  Plate 
XIII.  In  this  plan,  the  same  system  of  cylinders  is  used  as 
in  the  other  fenders,  and  the  pumps,  piping,  electric  equipments, 
etc.,  are  also  practically  the  same.  The  chain  is  stretched  across 
the  lock  for  stopping  vessels  at  either  of  two  different  levels, 
according  to  the  stage  of  the  tide.  The  chain  itself  is  endless, 
and  there  are  two  separate  hawse-pipes,  idlers  and  recesses  in 
the  walls  and  floor.  By  a  simple  chain-stop  mechanism,  the  part 
of  .the  chain  that  passes  through  either  hawse-pipe  may  be  con- 
nected with  the  operating  machinery  and  raised  and  lowered,  the 
part  which  passes  through  the  other  hawse-pipe  remaining  at 
rest,  with  its  central  portion  lying  across  the  bottom  of  the  lock. 

The  chain  fender  machines  were  built  by  the  United  Engi- 
neering &  Foundry  Company  of  Pittsburgh,  Pa.,  the  pumps  by 
the  Cameron  Pump  Works,  of  Phillipsburg,  N.  J.,  and  the  elec- 
tric equipment  by  the  General  Electric  Company.  The  erection 
was  done  by  the  Commission 's  forces. 

LOCK-ENTRANCE  CAISSON. 

This  caisson  serves  to  close  the  head  and  tail  bays  of  the 
lock  flights,  so  as  to  permit  the  lower  and  upper  guard  gates  to 
be  examined,  repainted  and  repaired.  It  also  contains  a  pump- 
ing plant  of  large  capacity  for  unwatering  the  locks. 

The  caisson  is  of  ship  form,  with  curved  surfaces  and  verti- 
cal ends.  The  extreme  length  is  113  ft.  10  in.,  the  moulded 
breadth  36  feet,  the  width  of  the  top  deck  is  18  feet,  and  the 
depth  at  the  side  65  feet. 

The  stability  is  insured  by  some  850  tons  of  concrete  and 
iron  ballast  and  by  subdividing  the  interior  by  a  continuous 
longitudinal  bulkhead  and  numerous  transverse  bulkheads. 
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Tig.  12.    Lock  EaUHia*  Oduon. 

With  fixed  ballast  only,  the  caisson  floats  at  a  draft  of  32 
feet,  which  is  increased  to  a  maximum  of  61  feet  by  flooding 
when  it  is  ia  place  on  the  deepest  sills.  To  assist  in  keeping  the 
caisson  on  an  even  keel,  trimming  tanks  are  provided  at  each 
end. 

The  longitudinal  elevation  and  section  and  typical  cross  sec- 
tions of  the  caisson  are  shown  on  Plates  XIV  and  XV. 
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There  are  five  decks  in  all,  the  one  next  to  the  top  being  an 
open  truss,  the  others  of  solid  plate  construction.  To  avoid  all 
danger  of  accidentally  scuttling  the  caisson,  the  deck  which  car 
ries  the  operating  machinery  is  made  water-tight.  The  free- 
board is  1  foot,  with  the  water  inside  up  to  this  deck.  The  trans- 
verse bulkheads  are  spaced  at  intervals  of  12  feet,  with  smaller 
intercostal  frames  spaced  2  feet  apart.  The  hydrostatic  pres- 
sure is  carried  to  the  ends  by  the  decks  and  by  intermediate 
breast  hooks.    The  cushion  timbers  are  of  green  heart. 


Tig.  13.    Lock  Bntiince  OiliMm  on  W^j  to  OumI  Zona. 

The  total  weight  of  each  caisson,  exclusive  of  ballast,  is 
estimated  at  1570  tons,  of  which  140  is  the  weight  of  the  pump- 
ing equipment. 

The  pumping  system  includes  four  centrifugal  pumps  of 
the  volute  type,  with  a  20-inch  discharge,  besides  a  small  auxil- 
iary pump.  The  average  capacity  of  each  of  the  large  pumps, 
when  pumping  out  the  locks,  was  specified  to  be  at  least  13,000 
gallons  per  minute. 

The  arrangement  of  the  pumps  and  piping  permits  drawing 
the  water  from  either  side  of  the  caisson  and  discharging  it 
through  the  opposite  side.  This  allows  the  caisson  to  be  cleaned 
and  painted  on  both  sides,  when  in  place  at  the  lock  entrances, 
without  special  docking.     After  the  level  in  the  lock  has  been 
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lowered  to  about  3  feet  of  the  look  floor  through  the  regular  suc- 
tion pipe,  the  remaining  water  is  pumped  out  through  a  remov- 
able auxiliary  inlet  pipe,  temporarily  connected  to  the  caisson  at 
a  lower  elevation. 

The  flooding  of  the  caisson  is  done  through  special  flooding 
valves,  while  two  of  the  four  large  pumps  are  arranged  for  pump- 
ing it  out. 

The  pumps  and  ventilating  fan  are  driven  by  electric  motors, 
while  the  cranes  and  windlasses  are  operated  by  hand.  Three- 
phase  alternating  current  at  25  cycles  is  used,  the  voltage  being 
2200  for  the  main  pumps,  220  for  the  smaller  pump  and  fan,  and 
110  for  the  lighting. 

The  current  is  carried  from  the  lock  walls  by  removable 
cables,  leading  to  outlets  at  both  sides  at  either  end  of  the 
caisson. 

The  caisson  was  built  by  the  Union  Iron  "Works  at  San 
Francisco  and  towed  to  the  Isthmus.  The  pumps  are  Worthing- 
ton  pumps  driven  by  General  Electric  motors.  The  caisson  and 
the  pumping  equipment  have  proved  satisfactory  in  service. 

The  writer's  principal  assistants  in  the  work  of  designing 
were  the  following:  Qates,  Mr.  J.  M.  Hammer,  M.  Am.  Soc. 
C.  E.,  and  Mr.  P.  E.  Stems;  chain  fenders,  Mr.  P.  E.  Stems,  Mr. 
J.  Soderberg  and  Mr.  E.  H.  Baughman;  lock-entrance  caisson, 
Mr.  L.  A.  Mason. 

Mr.  Hammer  also  had  charge  in  the  U.  S.  of  the  approval  of 
the  detail  plans  and  the  shop  inspection  for  the  lock-gates  and 
the  greater  part  of  the  chain-fender  work. 

Mr.  Qeorge  P.  Quynn  was  chief  inspector  for  the  lock-gate 
erection,  and  Mr.  Mason  for  the  construction  of  the  caisson. 
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NECESSITY  FOB  EMEBGENCY  DAMS. 

When  it  was  decided  to  build  a  lock  canal  through  the 
Isthmus  of  Panama,  one  of  the  important  problems  to  be  dealt 
with  was  safeguarding  against  the  danger  to  which  such  a  canal 
is  exposed.  It  was  necessary,  in  case  of  accident  to  the  lock  gates, 
to  provide  means  for  preventing  a  serious  injury  or  total  destruc- 
tion of  the  locks.  In  view  thereof,  the  Isthmian  Canal  Commis- 
sion has  provided  for  various  safety  devices.  No  ships,  except- 
ing small  motor  boats  and  other  light  craft,  will  be  allowed  to 
pass  through  the  locks  under  their  own  power,  but  will  be  towed 
through  by  electric  locomotives. 

At  the  entrance  to  the  locks,  and  at  the  lower  end  of  the 
upper  lock  of  each  flight,  double  pairs  of  mitering  lock  gates  have 
been  installed.  As  a  still  further  precaution,  fender  chains  are 
to  be  placed  on  the  upstream  side  of  the  double  gates  and  inter- 
mediate gates  of  the  upper  locks,  and  on  the  down  stream  side  of 
the  double  gates  at  the  lower  end  of  each  flight  of  locks.  These 
devices  are  a  strong  guarantee  to  the  safe  operation  of  the  lock 
gates,  and  the  possibility  of  destruction  of  these  gates  is,  there- 
fore, very  remote.  If,  however,  the  gates  should  be  carried  away 
through  faulty  operation,  accident,  malice,  or  through  any  other 
cause,  the  locks  would  form  a  raceway  for  the  water  of  Qatun 
Lake  or  Miraflores  Lake,  and  no  repairs  could  be  made  to  the  lock 
gates  before  this  flow  should  be  stopped.  It  was  therefore  decided 
that  the  locks  should  be  provided  with  emergency  dams.    It  may 
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be  thought  that  excessive  precautions  have  been  taken  for  the 
safety  of  the  canal^  but,  as  is  pointed  out  in  '^Engineering/'  in  its 
issue  of  July  18,  1913,  numerous  accidents  have  occurred  to  date 
on  lock  canals,  and  therefore  great  precautions  are  necessary. 

Various  schemes  were  considered  by  the  Commission  for 
checking  this  flow  of  water,  and  from  these  the  emergency  dam 
of  the  swing-bridge  type  was  selected. 

STEUCTUEAL  DETAILS  OP  DAMS. 

The  design,  as  shown  on  Plates  Nos.  la,  lb  and  Ic,  con- 
sists of  two  vertical  cantilever  trusses  with  unequal  arms,  pivoted 
on  the  sidewalls  of  the  locks,  and  capable  of  being  turned  from 
a  position  parallel  to  the  locks  until  the  long  arm  spans  the  chan- 
nel. The  length  of  the  long  arm  is  164  ft.  3  in.  and  of  the  short 
arm  98  ft.  0  in.  The  distance  from  center  to  center  of  vertical 
trusses  is  32  ft.  0  in.  The  long  arm  carries  the  wicket  girders, 
rolling  gates,  and  horizontal  truss.  These  may  be  said  to  form 
the  dam  proper.  A  framing  of  heavy  girders  transfers  the  load 
from  the  vertical  trusses  to  the  center  pivot,  which  consists  of  a 
circular  base  casting,  imbedded  in  the  masonry,  upon  which 
rests  a  bronze  disk  43  in.  in  diameter  between  two  hardened  steel 
ones.  The  diameter  of  the  base  casting  is  9  ft.  0  in.,  and  its 
weight  is  34,000  lbs.  On  top  of  the  disk  another  casting  is 
placed,  which  is  fastened  securely  to  the  cross  girders  between 
the  vertical  trusses.  Six  trailing  wheels,  adjusted  to  clear  their 
circular  track  slightly,  when  the  bridge  is  balanced,  are  provided 
to  take  the  overturning  effect  of  a  wind  pressure  from  any  direc- 
tion. The  balancing  of  the  whole  superstructure  about  its  trans- 
verse axis  is  accomplished  by  means  of  a  large  block  of  concrete 
placed  on  the  short  arm.  The  turning  is  done  by  means  of  pin- 
ions and  rack,  driven  by  electric  motors,  as  in  ordinary  swing- 
bridges.  The  wicket  girders  are  pivoted  at  one  end  to  the  sup- 
porting superstructure  on  pins,  about  which  they  are  revolved 
from  their  original  horizontal  position  until  their  lower  ends  come 
in  contact  with  the  bottom  siU  of  the  lock.  The  reactions  produced 
by  the  moving  water,  and  later  by  the  static  pressure  on  the 
gates,  are  taken  at  the  upper  ends  of  these  girders,  through  a 
horizontal  truss  system,  to  the  lock  walls,  and,  at  their  lower 


EHBBGENGY  DAHS  ABOVE  THE  LOCKS  133 

ends,  directly  into  the  masonry  sill.  The  gates  are  lowered  in 
horizontal  tiers,  closing  the  canal  across  its  entire  width  by  the 
depth  of  each  succeeding  set,  thereby  gradually  converting  the 
dynamic  pressure  to  a  static  head. 

On  account  of  the  great  depth  and  velocity  of  current,  the 
following  special  features,  different  from  similar  designs,  have 
been  foimd  necessary.  The  horizontal  truss  is  placed  on  the 
downstream  side  of  the  two  vertical  trusses,  in  order  to  counter- 
act the  overturning  moment  of  the  long  wicket  girders,  hung 
in  a  horizontal  position  when  the  bridge  is  balanced  and  swing- 
ing. A  system  of  booms  and  sway  frames  was  provided  to  sup- 
X>ort  these  girders  and  the  horizontal  truss.  The  first  horizontal 
tier  of  gates  to  be  lowered  is  stored  on  the  wicket  girders;  the 
remaining  gates  are  hung  vertically  between  the  main  trusses 
and  immediately  below  the  floor,  and  are  used  in  adjusting  the 
equilibrium  of  the  whole  structure  about  its  longitudinal  axis. 

Studies  showed  that  the  length  of  the  wicket  girders  deter- 
mines the  depth  of  the  horizontal  truss,  which  forms  part  of  the 
counterweight  of  the  dam  about  its  longitudinal  axis.  The  longer 
the  wicket  girders  are  made,  the  greater  the  depth  of  the  horizon- 
tal truss  will  be,  and  thereby  the  distance  from  the  edge  of  the 
lock  wall  to  the  center  pivot  of  the  dam,  which  in  turn  will 
increase  the  length  of  both  arms  of  the  dam.  It  is  desirable,  there- 
fore, that  the  elevation  of  the  horizontal  truss,  to  which  the  wicket 
girders  are  pivoted  at  their  upper  ends,  be  kept  as  low  as  pos- 
sible. As  far  as  this  point  is  concerned,  it  is  evident  that  a  swing- 
bridge  of  the  center-pivot  type  is  to  be  preferred  to  one  of  the 
rim-bearing  type,  as  the  bottom  chord  of  the  vertical  trusses  for 
a  center-pivot  swing-bridge  may  be  low  enough  to  clear  the  top 
of  the  lock  waUs,  whereas  the  bottom  chord  of  these  trusses  for  a 
drawbridge  of  the  rim-bearing  type  must  be  at  an  elevation  above 
the  top  of  the  large  rim-bearing  girder. 

Up  to  the  time  when  these  studies  were  being  made,  the 
heaviest  drawbridge  of  the  center-pivot  type  weighed  2,200,000 
lbs.,  whereas  the  heaviest  drawbridge  of  the  rim-bearing  type 
weighed  5,500,000  lbs.  In  view  of  the  great  advantages  offered 
by  a  swing-bridge  of  the  center-pivot  type,  only  this  type  of 
swing-bridge  was  taken  into  consideration,  although  its  estimated 
weight  was  6,700,000  lbs.,  or  practically  three  times  heavier  than 
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any  swing-bridge  of  this  type  ever  constructed.  In  connection 
herewith,  I  desire  to  call  attention  to  Mr.  C.  C.  Schneider's  valu- 
able paper  on  Movable  Bridges,  published  in  the  American 
Society  of  Civil  Engineers'  Transactions,  Vol.  LX,  which  has  been 
of  great  assistance  to  the  writer  in  the  design  of  the  emergency 
dams.  As  stated  in  this  paper,  it  appears  that  the  consensus  of 
opinion  is  in  favor  of  the  center-bearing  type  of  swing-bridges, 
which  has  partially  been  proved  by  the  building  of  new  bridges 
of  this  type  weighing  up  to  6,600,000  lbs.  The  only  limiting 
feature  in  this  type  of  swing-bridge  seems  to  be  the  size  of  the 
two  center  cross  girders,  each  of  which,  in  case  of  the  emergency 
dams,  is  55  ft.  3  in.  long  and  11  ft.  0  in.  deep,  weighing  64,000  lbs. 

The  emergency  dams  are  located  on  the  side  walls,  200  feet 
upstream  of  the  upper  guard  gates.  There  are  two  at  each  set  of 
locks,  one  being  a  right-hand  dam  and  the  other  a  left-hand  dam. 
The  dams  at  Gatun  and  Pedro  Miguel  are  of  equal  size,  whereas 
the  dams  at  Miraflores  are  of  smaller  size,  due  to  less  depth  of 
water  above  the  lock  floor. 

Figures  1  to  4  give  an  idea  of  how  the  dams  are  to  be 
operated.  Figure  1  shows  the  west  emergency  dam  at  rest  on 
the  side  wall  of  the  lock,  and  the  east  dam  swung  across  the 
lock  chamber.  Figure  2  shows  the  dam  swung  across  the  lock 
chamber,  and  the  lowering  of  the  wicket  girders,  all  wicket 
girders  being  lowered  simultaneously.  Figure  3  illustrates  the 
method  of  lowering  the  gates,  viz.,  in  horizontal  tiers.  Figure 
4  shows  the  dam  placed  in  its  final  position.  Although  these 
photos  illustrate  clearly  the  general  method  of  operating  the 
dams,  they  do  not  convey  any  idea  of  the  enormous  force  and 
great  flow  of  water  which  the  dams  are  intended  to  check,  in  case 
they  should  be  called  into  service. 

The  only  time  an  emergency  dam  of  this  type  has  been  called 
into  service  was  on  June  9, 1909,  when  the  gates  of  the  Sault  Ste. 
Marie  canal  were  wrecked.  The  width  of  the  forebay  of  the  Sault 
Ste.  Marie  canal  was  150  ft.,  and  the  depth  of  water  was  22  ft. 
The  measured  velocity  of  flow  after  the  wrecking  of  the  lock  gates 
was  7  feet  per  second  in  the  forebay  and  15  ft.  per  second  in  the 
lock  chamber.  The  ** Engineering  News"  and  the  ** Engineering 
Record"  describe  this  accident  in  their  issues  for  the  month  of 
June,  1909,  illustrating  it  by  various  photographs. 
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The  width  of  the  forebay  at  Qatun  is  110  ft.,  the  maximum 
depth  of  water  is  49  1/3  ft.,  and  the  maximum  elevation  of  water 
above  sea-level  is  87  ft.  In  case  the  lock  gates  for  one  flight  of 
locks  at  Qatun  should  be  carried  away,  the  calculated  velocity  of 
the  current  at  the  emergency  dams  would  be  24  feet  per  second, 
the  depth  of  water  36  feet  and  the  discharge  through  the  locks 
would  be  95,000  cubic  feet  per  second,  or  nearly  one  half  of  the 
amount  of  water  passing  over  the  Horseshoe  Falls  at  Niagara. 
Comparing  these  figures  with  the  corresponding  figures  for  the 
Sault  Ste.  Marie  canal  and  the  photographs  of  this  accident,  one 
may  form  an  idea  of  what  the  situation  would  be  in  case  the 
emergency  dams  for  the  Panama  Canal  should  be  brought  into 
action. 
Vertical  Trasses. 

The  general  outline  of  the  truss  on  the  long  arm  is  deter- 
mined by  the  requirements  of  the  parts  which  it  supports.  The 
elevation  of  the  floor  is  fixed  by  the  clearance  required  for  stor- 
ing the  gates  in  a  vertical  position  between  the  floor  beams  and 
wicket  girders.  The  proper  slope  of  the  ties  which  support  the 
booms  gives  a  minimum  height  of  the  top  chord  above  the  floor, 
and,  as  this  provides  sufficient  depth  of  truss  for  the  portion 
which  spans  the  locks,  the  chord  is  made  horizontal  over  that 
distance,  and  a  variable  depth  of  truss  is  obtained  by  sloping 
the  bottom  chord,  beginning  at  a  point  immediately  beneath  the 
floor  at  the  extremity  of  the  long  arm.  The  panel  lengths  for 
this  part  of  the  span  being  determined  by  the  spacing  of  the 
wicket  girders,  sub-panels  are  introduced,  and  the  Warren  sys- 
tem of  bracing,  with  riveted  members  and  connections,  is  used. 
The  vertical  posts  of  this  system  are  sub-members,  and  their 
cross-sections  can  therefore  be  made  alike,  simplifying  all  mem- 
bers connecting  to  the  same.  Eye-bars  are  used  for  all  tension 
members  of  the  short  arm,  also  for  the  inclined  top  chord  on  the 
long  arm,  and  the  diagonal  tension  member  connecting  to  this 
chord.  It  will  be  noted  on  Plate  No.  1-a  that  the  vertical  truss 
at  each  side  of  the  center  post  is  formed  by  a  quadrilateral 
system.  Equilibrium  in  this  truss  system,  while  the  dam  is  swing- 
ing, can  be  obtained  only  when  the  stresses  in  the  two  center 
diagonals  are  equal,  and  hence,  also,  the  vertical  components  of 
these  members,  which  are  carried  by  the  center  cross-girders.  The 
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slopes  of  the  top-chord  eye-bars,  on  either  side  of  the  center 
post,  are  therefore  different,  and  so  chosen  that  the  reaction  on 
the  two  center  cross-girders  will  be  equal  while  the  dam  is 
swinging. 

The  bottom  chord,  the  end  posts,  and  all  diagonals  of  stiff 
construction  are  built  up  of  plates  and  angles,  forming  double- 
channel  sections  with  flanges  turned  out,  the  only  exception  being 
the  first  diagonal  on  the  short  arm,  for  which  the  flanges  have 
been  turned  in.  The  channel  sections  of  the  bottom  chord  and 
of  the  two  diagonals  at  the  center  are  laced  together  by  6-in.  by 
3^-in.  by  %-in.  angles.  The  end  posts  and  the  three  diagonals 
near  the  end  of  the  long  arm,  also  the  first  diagonal  near  the 
end  of  the  short  arm,  are  laced  together  by  2i/2-in.  lacing-bars, 
the  remaining  diagonals  being  laced  by  S^^-in.  by  2i/^-in.  by 
%-in.  angles. 

The  top  chord  on  the  long  arm  is  also  built  up  of  plates 
and  angles  of  double-channel  sections,  but  with  flanges  turned  in, 
each  channel  section  being  laced  by  two  V^-in.  bars. 

The  vertical  posts  on  the  long  arm,  directly  above  the  wicket 
girders,  are  built  up  of  plates  and  angles,  forming  double-channel 
sections  with  the  flanges  turned  in.  The  sections  are  laced  by 
single  lacing,  consisting  of  2i/^-in.  by  %-in.  bars.  The  webs  of 
the  posts  are  placed  perpendicular  to  the  plane  of  the  vertical 
truss,  due  to  the  bending  to  which  they  are  subjected  on  account 
of  the  eccentric  load  imposed  upon  them  by  the  wicket  girders. 

The  center  posts  are  built  up  of  plates  and  angles  in  the  same 
manner  as  the  center  diagonals,  and  are  also  laced  by  6-in.  by 
31/^-in.  by  %-in.  angles.  The  balance  of  the  posts  are  built  up 
of  two  15-in.  channels  laced  together  by  2%-in.  lacing-bars,  their 
webs  placed  parallel  to  the  plane  of  the  vertical  truss.  All  sub- 
members  are  built  up  of  four  6-in.  by  4-in.  by  %-in.  angles, 
forming  an  I  section.  These  angles  are  laced  by  double  lacing, 
consisting  of  2i/^-in.  by  %-in.  bars. 
Floor  Beams. 

The  floor  beams  are  built  up  of  plates  and  angles  forming 
double-channel  sections  with  flanges  turned  out;  they  are  laced 
by  double  lacing  consisting  of  2V2-in.  by  %-in.  bars.  The  reason 
for  adopting  double-channel  sections  for  the  floor  beams  is  that 
they,  besides  being  subjected  to  bending,  are  also  subjected- to 
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considerable  compression  transferred  from  the  upstream  booms. 
Horizontal  Truss. 

The  horizontal  truss  is  of  the  Warren  type  with  subdivided 
panels  and  riveted  joints  throughout.  It  is  supported  at  short 
intervals  by  hangers  attached  to  the  overhanging  booms,  and  car- 
ries no  load  until  the  dam  is  in  place.  At  each  panel  point  of 
the  compression  chord  are  brackets,  braced  in  horizontal  and 
vertical  planes,  in  which  the  upper  ends  of  the  wicket  girders 
fit  and  are  pivoted  on  horizontal  pins. 

The  compression  chord  is  built  up  of  plates  and  angles,  form- 
ing double-channel  sections  with  their  flanges  turned  out,  and 
their  webs  are  placed  in  a  horizontal  plane.  The  sections  are 
laced  by  means  of  large  tie-plates.  All  other  members  of  the 
horizontal  truss  are  built  up  of  plates  and  angles,  forming  H-sec- 
tions,  with  their  webs  placed  in  a  vertical  plane,  the  only  excep- 
tion being  the  small  diagonals  of  the  center  panel,  which  are 
built  up  of  two  angles,  the  vertical  legs  of  which  are  laced 
together  by  single  lacing  consisting  of  2i^-in.  bars. 

Wicket  Girders  and  Sills. 

The  wicket  girders  are  designed  to  resist  torsion,  side  forces, 
or  rough  usage  of  any  character  to  which  they  may  be  subjected 
while  being  lowered  into  a  swift  current.  They  are  of  box  sec- 
tion, their  length  being  64  ft.  out  to  out,  and  their  depth  being 
7  ft.  0  in.  One  150-lb.  crane  rail,  riveted  to  the  top  or  upstream 
flange  of  each  wicket  girder,  forms  the  track  on  which  the  gate 
wheels  roll.  The  two  webs  are  rigidly  connected  by  channel 
stiffeners,  and  present  a  smooth  outside  surface  to  the  water, 
with  a  minimum  exposed  area.  Large  holes  in  both  webs  pro- 
vide drainage  and  access  for  painting  the  interior  surfaces.  The 
girders  are  connected  in  pairs  by  a  system  of  lateral  bracing  in 
the  plane  of  the  top  flange.  This  bracing  presents  only  a  small 
area  to  the  current,  and  is  omitted  in  the  lower  panel. 

Each  pair  of  wicket  girders  is  provided  with  a  shallow  cross- 
frame  at  the  first  panel  point  from  its  upper  end.  The  lower 
ends  of  the  wicket  girders  permit,  therefore,  considerable  verti- 
cal motion  relative  to  each  other,  caused  by  the  unequal  action 
of  the  lowering  tackle  attached  to  each  girder.  The  cross-frames 
are  of  sufficient  strength,  however,  to  prevent  this  motion  when 
the  wicket  girders  are  approaching  their  final  position  against 
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the  bottom  sill,  while  being  operated  in  still  water.  The  reason 
for  this  is  that  the  horizontal  component  of  the  weight  of  each 
wicket  girder  while  in  this  position  is  only  l/20th  of  the  weight 
of  the  wicket  girder,  and  that  this  force  is  counteracted  by  the 
horizontal  component  of  the  ropes  and  tackle,  so  that  the  result- 
ant force  pressing  the  wicket  girders  against  the  sill  is  very 
small.  If  large  obstructions  should  have  settled  in  any  of  the 
pockets  provided  for  the  wicket  girders  on  the  lock  floor,  and 
the  dam  were  to  be  operated  in  still  water  for  training  purposes, 
there  would,  due  to  the  strength  of  the  cross  frames,  be  no  dan- 
ger of  one  girder  of  a  pair  entering  its  pocket  ahead  of  the  other, 
and  thereby  unduly  warping  the  lateral  system  out  of  shape. 

During  the  accident  of  the  Sault  Ste.  Marie,  one  of  the 
wicket  girders  was  warped  entirely  out  of  shape  and  rendered 
useless  on  account  of  finding  obstructions  on  the  sill.  The  sill  for 
this  emergency  dam  was  constructed  above  the  lock  floor.  Any 
material  carried  out  by  the  current  along  the  bottom  of  the 
canal  could,  therefore,  easily  become  lodged  against  the  siU. 
The  wicket  girders  for  the  emergency  dam  at  Sault  Ste.  Marie 
canal  were  constructed  as  single-web  plate  girders.  Each  pair 
of  wicket  girders  was  braced  at  its  lower  ends  by  a  strong  cross- 
frame  having  a  solid  web.  Any  obstruction  on  the  sill  that  would 
cause  one  of  the  wicket  girders  of  a  pair  to  seat  ahead  of  the 
other  would,  by  the  aid  of  the  kinetic  energy  of  the  current, 
introduce  torsion  in  the  frame  system  of  this  pair  of  wicket 
girders.  If  the  cross-frames  were  so  constructed  that  they  could 
resist  the  stresses  to  which  they  thus  would  be  subjected  better 
than  the  lateral  system,  the  latter  would  deflect  and  warp  the 
wicket  girders  out  of  shape. 

Special  precautions  have  been  taken  for  the  emergency 
dams  of  the  Panama  Canal  to  prevent  material  from  lodging 
against  the  bottom  sill.  At  the  Pacific  Locks  the  upstream  side 
of  the  sill  has  been  provided  with  a  large  sump,  spanning  the 
entire  width  of  the  canal.  Heavy  material  carried  downstream 
by  the  force  of  the  current  wiU  collect  in  this  sump,  leaving  the 
sill  free  from  obstructions.  The  width  of  these  sumps  at  Pedro 
Miguel  and  Miraflores  is  32  ft.,  and  their  depth  at  Pedro  Miguel 
is  14  ft.  and  at  Miraflores  11 1/3  ft.  At  Qatun  the  elevation  of 
the  siU  is  23  1/3  ft.  above  the  floor  of  the  f orebay.    No  special 
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precautions  in  this  respect  are  therefore  needed  at  Gatun.  The 
sills  for  all  dams  are  also  provided  with  a  pocket  for  each  indi- 
vidual wicket  girder.  These  pockets  are  shown  on  Plates  Nos. 
1-b  and  6.  They  are  16  in.  wide,  the  clearance  between  the  wicket 
girders  and  the  sides  of  the  pockets  being  %  in.  The  upstream 
sides  of  the  pockets  are  flaring,  so  that  the  force  of  the  current 
might,  if  necessary,  force  the  wicket  girders  laterally  to  their 
proper  place  for  entering  the  pockets.  When  the  wicket  girders 
have  entered  the  pockets,  they  rest  against  steel  castings  imbedded 
in  the  masonry.  The  faces  of  these  castings  have  a  slope  of  about 
1  to  3  from  the  vertical.  Any  material  that  might  have  settled 
in  these  pockets,  in  still  water,  can  easily  be  washed  out  by  the 
current  that  would  arise  in  case  of  accident.  It  is,  therefore, 
hardly  conceivable  that  any  material  can  collect  in  the  pockets 
provided  for  the  wicket  girders,  unless  the  large  sump  spanning 
the  canal,  upstream  of  the  sill,  has  first  been  filled  by  such  mate- 
rial. It  might  be  possible  for  material  of  about  the  same  weight 
as  water,  such  as  water-soaked  logs,  to  be  caught  between  the 
sill  and  wicket  girders  just  as  the  latter  are  entering  their 
pockets,  but  the  possibility  of  this  is  very  remote.  Provision 
has  been  made  against  this  possibility,  however,  by  providing 
su£Scient  power  for  hoisting  the  wicket  girders  against  the  cur- 
rent, thus  allowing  such  obstructions  to  pass  downstream.  In 
case  of  an  accident,  the  current  created  through  the  forebay 
might  not  in  all  places  run  parallel  to  the  center  line  of  the 
forebay.  In  lowering  the  wicket  girders  in  this  current  they 
might,  therefore,  be  subjected  to  large  lateral  forces.  The  point 
of  application  for  these  forces  would  be  approximately  at  the 
center  of  gravity  of  the  area  of  the  web  of  each  wicket  girder. 
Since  each  pair  is  provided  with  a  top  lateral  system  only,  and 
the  point  of  application  of  the  lateral  forces  is  below  the  plane 
of  the  top  lateral  system,  each  individual  girder  would  be  sub- 
jected to  torsion.  This  is  an  added  reason  for  adopting  a  box 
section  instead  of  a  single-web  section  for  the  wicket  girders,  as 
in  the  latter  case  it  would  be  necessary  to  provide  each  pair  also 
with  a  bottom  lateral  system,  which,  besides  increasing  the  resist- 
ance offered  to  the  current,  would  also  tend  to  warp  each  girder 
out  of  shape  if  improperly  seated. 

Each  wicket  girder  is  designed  to  resist  the  torsion  caused 
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by  a  current  of  24  ft.  per  second^  striking  it  under  an  angle  of 
30°  to  the  longitudinal  center  line  of  the  forebay,  and  the  top 
lateral  system  for  each  pair  of  girders  has  been  proportioned 
accordingly. 

As  previously  explained,  the  danger  of  material  lodging  in 
the  pocket  provided  for  each  wicket  girder  is  very  remote.  Even 
if  this  should  occur,  there  is  no  danger  of  warping  the  wicket  gir- 
ders, as  the  cross-frames  at  their  lower  ends  have  been  omitted, 
also  the  bottom  lateral  system.  Each  wicket  girder  would,  in 
such  an  event,  remain  in  its  original  plane;  the  top  lateral  sys- 
tem would  warp,  and  the  connections  between  the  shallow  cross- 
frame  and  the  wicket  girder  would  be  torn  loose,  but  the  strength 
of  each  wicket  girder  would  not  be  seriously  impaired  thereby. 
If  the  obstructions  in  the  pockets  were  very  large,  it  might  be 
doubtful  if  the  gates  could  be  lowered,  although  the  gates  are  so 
constructed  that  they  allow  of  warping  to  some  extent. 
Oates. 

As  shown  on  Plate  No.  4,  the  gates  are  structural  frames 
covered  with  buckle-plates  and  supported  by  flanged  wheels  turn- 
ing on  roller  bearings.  The  convex  sides  of  the  buckle-plates  for 
the  two  upper  gates  have  been  turned  upstream,  in  order  to  pro- 
vide sufficient  room  for  the  wheels.  For  the  three  lower  gates, 
the  convex  sides  of  the  buckle-plates  have  been  turned  down- 
stream, as  thereby  greater  strength  of  the  buckle-plates  is 
obtained  without  interfering  with  the  desired  size  of  the  wheels. 

All  gates  have  the  same  width,  18  ft.,  whereas  their  heights 
range  from  9  ft.  to  11  ft.  Each  gate  is  carried  by  12  wheels,  six 
of  which  bear  on  each  of  the  two  wicket  girders  supporting  the 
gate.  The  wheels  are  held  in  journal  castings  of  L-shape.  These 
castings  are  bolted  to  the  structural  frame  of  the  gate,  and  each 
forms  the  support  for  the  roller  bearings  of  two  wheels.  Due  to 
the  flexibility  of  the  connections  of  these  castings,  the  load  upon 
each  wheel  is  a  statically  determinate  factor  which  would  not  be 
aflEected  by  the  deflection  of  the  wicket  girders,  nor  by  the  warp- 
ing of  the  gates.  When  these  wheels  are  brought  into  position 
on  the  top  flange  of  the  wicket  girders,  Z-bar  guides  engage  under 
the  outer  side  of  the  head  of  each  rail  and  prevent  uplift  of  the 
gates,  while  the  flanges  of  the  wheels  prevent  lateral  displace- 
ment.   The  upper  and  lower  edges  of  each  gate  are  wedge-shaped 
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and  interlock  with  the  edges  of  the  gates  above  and  below  (see 
Plate  No.  6).  These  ** noses'*  are  formed  by  a  bent  plate 
filled  with  concrete.  They  are  arranged  to  allow  the  gates  to  be 
bronght  into  close  contact  and  yet  to  give  room  for  the  fasten- 
ings of  the  hoisting  lines. 

It  is  evident  that  the  first  horizontal  tier  to  be  lowered  is 
subjected  to  the  greatest  kinetic  pressure  from  the  water,  this 
pressure  diminishing  as  succeeding  tiers  are  lowered,  until  it  is 
finally  checked  by  the  lowering  of  the  fifth  tier.  The  static  pres- 
sure, however,  increases  according  to  the  number  of  gates  low- 
ered, due  to  the  increasing  difference  in  elevation  of  the  water 
on  the  two  sides  of  the  gates.  Calculations  show  that  the  great- 
est combined  pressure,  while  the  gates  are  being  lowered,  occurs 
on  the  third  tier,  and  that  this  pressure  is  very  nearly  as  great 
as  the  static  pressure  to  which  this  tier  is  subjected  when  all  the 
gates  have  been  lowered. 

The  average  water  pressure  upon  each  tier  of  gates  while 
being  lowered  in  the  current,  as  shown  on  Plate  No.  10,  is  as 
follows : 

Gates  No.  1 1260  lbs.  per  sq.  ft. 

<<      <<     2 1500    *'      '*    '*     '* 

'<      <*     3 1560    **      **    '*     *' 

( <  it        ^  QQQ     a         It      it        n 

«<       <'      5 360    '*       "     "      ** 

The  maximum  wheel  loads,  while  in  motion,  occur  on  the 
lowest  wheels  of  gates  No.  3,  which  are  each  subjected  to  38,300 
lbs.  The  maximum  static  wheel  loads,  while  at  rest,  occur  on 
the  lowest  wheels  of  gates  No.  1,  which  are  each  subjected  to 
65,470  lbs.  The  equivalent  total  load  on  this  gate  is  illustrated 
on  Figure  5,  taken  during  the  shop  tests  described  later. 

In  order  to  simplify  the  shop  work  on  the  gates,  the  wheels 
and  roller-bearings  for  gates  Nos.  1,  2  and  3  were  made  alike  (see 
Plate  No.  5).  Each  roller  bearing  for  these  wheels  consists  of 
20  rollers  of  %-in.  diameter  and  3%-in.  length.  Each  roller- 
bearing  for  gates  No.  4  consists  of  18  rollers  of  %-in.  diameter 
and  2%-in.  length,  and  for  gates  No.  5,  18  rollers  of  %-in. 
diameter  and  2^-in.  length. 

The  axles  of  the  wheels  for  all  gates  have  also  been  provided 
with  end-thrust  ball-bearings,  in  addition  to  the  roller-bearings. 


144  EMEBOENCY  DAMS  ABOVE  THE  LOCKS 

and  each  roller-bearing  has  been  provided  with  a  ball-bearing  at 
both  ends.  The  roller-bearings  and  the  ball-bearings  are  com- 
pletely filled  with  grease,  and  provided  with  felt  washers  at  both 
ends  to  prevent  water  from  entering  the  bearings. 

As  can  be  seen  from  the  above,  great  care  has  been  taken  to 
reduce  the  friction  on  the  wheels  and  to  prevent  the  gates  from 
binding  or  sticking  while  being  lowered  under  water  pressure. 
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Tests  made  in  the  shop  to  determine  the  frictional  resistance 
and  strength  of  the  bearings  are  described  in  detail  later.  The 
very  favorable  results  obtained  are  confirmed  by  the  fact  that 
during  the  tests  of  the  East  Dam  at  Oatun,  described  at  the  end 
of  this  paper,  observations  showed  that  the  entire  set  of  gates, 
while  subjected  to  the  full  static  head,  moved  down,  relatively 
to  the  wicket  girders,  as  these  were  forced  upward. 

In  view  of  these  tests,  there  is  little  danger  of  inability  to 
lower  the  gates  on  account  of  the  water  pressure  imposed  upon 
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them  while  being  lowered  in  a  current.  If,  however,  the  gates 
should  stick  from  unforeseen  canses,  it  is  thought  that  a  pressure 
brought  to  bear  on  the  upper  edge  of  the  topmost  gate,  with  the 
aid  of  the  interlocking  "noses"  previously  mentioned,  would  be 
more  effective  than  any  device  for  pulling  them  down.  The 
weight  of  one  gate  would  always  be  available  for  this  purpose, 
and  moderate  blows  or  weights  on  the  upper  e^e  should  be  effec- 
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tive.    The  vertical  apertures  of  four  inches  between  each  set  of 
gates,  which  were  provided  for  clearance  while  handling  them, 
can  be  closed  by  forcing  drive  pipes  down  into  the  grooved  e<^es 
of  adjacent  gates,  as  shown  on  Plate  No.  6  and  Figures  6  and  7. 
Taming  and  Wedging  Hachinery. 

The  general  plans  of  the  turning  and  weeing  machinery  are 
shown  on  Plates  Nos.  2  and  3. 

Before  any  attempt  can  be  made  to  turn  the  dam,  it  mast 
be  balanced  about  its  center  pivot  while  swinging.  Balance  of 
the  structure  about  its  longitudinal  axis  was  carefully  investi- 
gated during  the  design  of  the  dams,  and  it  was  thought  that 
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any  unbKlance  of  the  dams,  caused  by  slight  variations  in  the 
weight  of  the  completed  structure,  could  be  adjusted  by  shifting 
the  gates  on  the  floor  beams.  The  final  calculations  of  the  balanc- 
ing of  the  dams,  made  from  the  shop  drawings,  showed,  however, 
that  there  was  only  a  small  margin  left  for  shifting  the  gates 
downstream  on  the  floor  beams.  It  was  therefore  decided  to  fill 
the  downstream  chord  of  the  horizontal  truss  with  concrete.    On 


the  completed  dams,  the  gates  are  located  midway  between  the 
two  extremities  to  which  they  can  be  shifted.  A  large  concrete 
block  at  the  extreme  end  of  the  short  arm  gives  transverse  bal- 
ance. This  block  is  provided  with  pockets,  and  the  final  adjast- 
ment  ^as  made  by  placing  a  proper  amount  of  pig  iron  in  these 
pockets.  In  order  to  reduce  the  size  of  the  concrete  block  and 
the  load  on  the  center  pivot,  the  turning  machinery  is  located 
at  the  extreme  end  of  the  short  arm,  thus  forming  a  part  of  the 
counterweight. 
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The  whole  structure  is  turned  about  its  center  pivot  by 
means  of  two  main  pinions  that  are  geared  with  a  rack  quadrant. 
These  pinions  are  connected  to  two  motors  by  two  separate  trains 
of  spur  gears  and  one  equalizer  gear,  the  latter  being  directly  in 
mesh  with  the  motor  pinions.    (See  Plate  No.  2.) 

The  radius  of  the  rack  quadrant  has  been  made  as  large  as 
conditions  will  allow,  in  order  to  reduce  the  force  required  for 
turning  the  dam  and,  also,  the  size  of  the  two  main  pinions. 

The  two  main  pinions  are  shrouded  on  their  upper  sides, 
and  the  teeth  of  the  rack,  with  which  they  are  in  mesh,  are  of 
special  design,  in  order  to  allow  for  expansion.  The  equalizer 
gear  serves  the  purpose  of  equalizing  the  tooth  pressures  of  the 
main  pinions  upon  the  rack,  due  to  imperfection  in  size  of  the 
teeth  of  the  rack. 

The  two  motors  for  turning  the  dam  have  each  a  capacity 
of  112  horsepower.  They  are  reversible  and  are  furnished  with 
solenoid  brakes.  Each  motor  can  be  operated  by  its  own  con- 
troller, and  is  so  connected  that  either  controller  can  be  used 
in  turning  the  dam,  but  each  will  be  of  sufficient  capacity  to  turn 
the  dam  independently.  A  limit  switch  is  connected  to  the 
motors,  to  cut  off  the  current  when  the  end  of  the  long  arm  of 
the  dam  is  near  the  closed  position.  The  exact  position  of  the 
dam  while  turning  is  shown  on  an  indicator  located  in  the  operat- 
ing house.  An  air  buffer  has  been  bolted  to  the  horizontal  truss 
at  the  extreme  end  of  the  long  arm  to  take  any  shock  as  the 
structure  is  brought  to  rest  after  turning. 

In  order  to  secure  solid  bearings  for  the  structure  while  at 
rest,  and  while  operating  wicket  girders  and  gates,  provision 
has  been  made  for  one  pair  of  wedges  at  the  center  and  at  each 
end.  All  wedges  are  driven  simultaneously  by  one  25-horsepower 
motor,  located  at  the  center  directly  under  the  floor.  This  motor 
is  controlled  from  the  operating  house,  where  also  the  wedge 
indicator  is  located. 

The  separate  machines  for  driving  each  pair  of  wedges  are 
located  at  the  center  and  at  both  ends,  respectively.  Each 
machine  consists  of  one  worm  and  one  worm  gear,  the  latter  con- 
nected to  two  separate  trains  of  spur  gears,  each  driving  one 
wedge  by  means  of  a  double  toggle-joint.  .The  machines  at  both 
ends  are  connected  to  the  motor  by  a  line-shaft  and  by  one  reduc- 
tion of  spur  gears. 
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For  the  purpose  of  centering  and  of  locking  the  dam  while 
in  closed  or  in  open  position,  the  dam  has  been  provided  with  an 
end  latch  at  the  long  arm.  This  latch  is  operated,  in  accordance 
with  ordinary  drawbridge  practice,  simultaneously  with  driving 
or  releasing  wedges. 

A  semaphore  connected  to  the  end  latch,  as  shown  on  Plate 
No.  1-a,  indicates  the  position  of  wedges  drawn,  end  latch  raised, 
and  dam  ready  for  turning.  This  semaphore  indicates  also  the 
position  of  latch  in  place,  dam  centered,  and  wedges  ready  for 
driving. 

Electric  current  will  ordinarily  be  used  to  operate  aU  machin- 
ery located  on  the  dam,  and  will  be  obtained  from  underground 
cables  coming  to  the  surface  near  the  center  casting,  as  shown 
on  Plate  No.  3 ;  but  in  aU  cases  provision  is  made  for  hand  power. 
All  motors  and  electrical  equipment  have  been  designed  for 
alternating  current,  25-cycle,  3-phase,  and  220  volts,  delivered 
at  the  switchboard. 

The  main  switchboard  is  located  in  a  small  house  on  the 
long  arm  of  the  dam  near  its  center,  as  shown  on  Plate  No.  1-a. 
Wicket-Girder  Hoisting  Machine. 

Each  pair  of  wicket  girders  is  raised  and  lowered  by  means 
of  two  7-part  lines  of  one-inch  diameter  plough-steel  wire  rope 
with  a  hemp  center.  The  lead  lines  pass  over  sheaves  at  the  end 
of  the  booms  and  are  carried  back  to  the  hoisting  drums.  The 
machinery  for  each  pair  of  girders  is  composed  of  two  worm- 
driven  hoisting  units  and  one  motor  unit.  Each  hoisting 
unit  consists  of  a  drum  with  its  gearing.  Both  worms 
are  driven  by  silent  sprocket  chains  from  the  motor  unit. 
All  gearing  and  the  sprocket  chains  are  inclosed  in  oil-tight 
cases  to  afford  complete  protection  against  the  weather.  Each 
machine  is  controlled  separately  from  the  operating  platform 
directly  in  the  rear.  The  operation  of  lowering  the  wicket  takes 
place  at  high  speed,  while  lower  speed  is  used  for  raising  the 
wicket.  By  turning  the  handle  of  the  controller  to  the  lowering 
position,  the  motor  is  started,  and,  at  the  same  time,  a  solenoid  is 
energized,  which  draws  the  jaw  clutch  on  the  motor  shaft  into 
mesh  with  the  high-speed  gearing.  The  girder  is  lowered  at  a 
uniform  rate  of  speed  to  its  seat  in  the  floor  of  the  lock,  the 
time  for  lowering  being  4  minutes  and  40  seconds.    In  case  of 
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failure  of  the  electric  current,  the  girder  can  be  lowered  into 
place  by  means  of  a  hand-operated  capstan.  Should  it  be  found 
necessary  to  raise  the  girder  against  the  current  to  allow  an 
obstruction  to  be  washed  out  of  the  girder  seat,  this  can  be  done 
by  bringing  the  controller  handle  to  the  hoisting  position.  This 
movement  engages  the  clutch  with  the  slow-speed  gearing,  and 
the  girder  is  hoisted  back  to  its  original  position,  the  time  of 
hoisting  being  18  minutes.  A  limit  switch  stops  the  movement  in 
either  direction  at  the  proper  time. 
aate-Hoistmg  Machines. 

There  is  one  machine  for  hoisting  and  lowering  each  verti- 
cal set  of  gates.  It  consists  essentially  of  ten  hoisting  drums, 
two  for  each  gate,  on  a  common  shaft.  This  shaft  is  motor  driven 
through  spur  gears  and  a  worm  and  worm  gear.  The  worm 
gearing  is  self -locking  and  will  hold  a  gate  in  any  position  when 
the  motor  is  at  rest.  Each  gate  is  operated  by  two  drums,  from 
each  of  which  it  is  suspended  by  a  crucible  cast-steel  flat  wire 
rope  %  in.  by  2  in.,  nominal  size.  Each  pair  of  drums  can  be 
thrown  in  or  out  of  service  by  jaw  clutches.  While  handling  a 
gate,  aU  drums  not  attached  to  this  gate  are  out  of  service.  They 
are  held  from  moving  by  detent  levers,  which  engage  auto- 
matically whenever  the  jaw  clutches  are  withdrawn. 

Normally,  aU  gates  except  those  of  the  lower  tier  are  hung 
up  under  the  floor  system.  (See  Figure  2,  and  Plate  No.  1-b.) 
The  gates  of  the  lowest  tier,  or  gates  No.  1,  are  kept  habitually 
on  the  wicket  girders  when  the  latter  are  in  their  raised 
position.  Oates  No.  2  are  held  in  position  by  a  hanging  rod, 
whereas  gates  Nos.  3,  4  and  5  are  hooked  to  trolleys,  which 
run  on  rails  fastened  to  the  floor  beams.  To  lower  gates  No.  1, 
it  is  necessary,  first,  to  release  the  hooks  holding  the  gates  on  to 
the  wicket  girders.  These  hooks  are  pivoted  to  the  wicket  gir- 
ders, and  they  release  the  gates  automatically  when  the  gates  are 
hoisted  a  few  inches.  After  the  gates  have  been  hoisted,  thus 
releasing  the  hooks,  the  machines  are  reversed  and  the  gates  are 
lowered.  To  lower  the  next  tier,  the  jaw  clutches  for  gates  No. 
2  are  thrown  in,  and  these  gates  are  first  hoisted  until  limit 
switches  stop  the  motors  of  the  hoisting  machines.  The  hanging 
rods,  which  supported  the  gates,  are  then  turned  up  and  out  of 
the  way  of  these  gates  by  means  of  a  lever  located  on  the  floor. 
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the  machines  are  reversed,  and  the  gates  are  lowered.  While 
lowering,  the  gates  are  guided  by  structural  frames  until  the 
wheels  bear  on  the  rails  of  the  wicket  girders  and  the  Z-bar  guides 
engage  under  the  railheads.  These  frames  are  placed  above  and 
in  line  with  the  top  flange  of  the  wicket  girders  as  shown  on 
Plate  No.  1-c  and  Figure  7.  To  lower  the  third  tier,  the  jaw 
clutches  for  gates  No.  3  are  thrown  in  and  the  gates  are 
hauled  along  the  rails  on  the  floor  beams  until  they  hang  under 
the  drums  of  the  hoisting  machines  with  their  wheels  against 
the  guides  mentioned  for  gates  No.  2.  The  gates  are  then 
hoisted  until  they  are  automatically  unhooked  from  the  trolleys, 
this  operation  being  controlled  by  the  limit  switch.  They  are 
then  lowered  into  place.  Gates  No.  4  and  No.  5  are  lowered  in 
the  same  manner  as  gates  No.  3.  To  hoist  the  gates,  the  opera- 
tions are  reversed.  The  trolley  track  has  sufficient  slope  toward 
the  middle  of  the  dam  to  cause  the  gates  to  run  to  their  proper 
position  for  storage.  The  operation  of  placing  the  gates  can,  if 
necessary,  be  effected  by  hand,  a  capstan  being  provided,  which 
is  geared  to  the  motor  shaft.  The  wicket  girder  and  gate-hoist- 
ing machinery  was  designed  in  the  electrical  and  mechanical  sub- 
division of  the  Assistant  Chief  Engineer's  Office. 
Iffiscellaneoas. 

As  shown  on  Plates  Nos.  1-a  and  1-b,  one  foot-walk  has 
been  provided  from  the  operating  house  to  the  end  of  the  dam 
and  another  on  top  of  the  horizontal  truss  for  its  whole  length. 
Two  ladders  are  located  at  the  end  of  the  short  arm  and  one  at 
the  end  of  the  long  arm.  On  the  upstream  side  of  the  short  arm 
a  stairway  leads  to  the  upper  foot-walk,  and  on  the  downstream 
side  of  the  long  arm,  near  the  center,  a  stairway  connects  the  two 
foot-walks.  A  3-ton  trolley  and  chain-hoist  in  the  operating 
house  and  a  5-ton  one  on  the  long  arm  will  serve  the  purpose  of 
handling  machinery  parts,  when  required,  for  repairs. 

The  most  important  parts  of  the  dam,  and  all  places  over 
which  a  man  might  be  required  to  pass,  are  illuminated  by  40- 
watt  incandescent  lamps. 

STRESSES  AND  SYSTEM  OF  FRAMING. 

For  determining  the  sizes  of  the  various  members,  the  fol- 
lowing conditions  of  loading  were  considered: 
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Case      I     Dam  swinging. 

Case    II    Wedges  driven,  wicket  girders  being  lowered  in 

current  and  about  to  touch  sill. 

Case  III    Wedges  driven,  wicket  girders  resting  on  sill,  no 

current. 

Case  IV  Wedges  driven,  wicket  girders  and  all  gates  low- 
ered, and  total  static  water  pressure  upon 
gates. 

For  each  of  the  above  cases,  with  the  exception  of  case  I, 
the  total  panel  loading  of  the  upstream  vertical  truss  is  different 
from  that  of  the  downstream  vertical  truss.  It  should  be  noted, 
that,  considering  each  of  the  three  latter  causes  of  loading  by 
itself,  the  magnitude  and  also  the  points  of  application  of  the 
panel  loadings  vary  for  each  panel.  This  is  caused  by  the  sway 
frames  transferring  the  loads  acting  upon  the  dam  to  the  vertical 
trusses,  as  is  shown  on  Plate  No.  8,  where  the  stresses  in  the 
sway  frames  for  the  various  conditions  of  loading  are  given,  and 
on  Plate  No.  9,  where  the  panel  loadings  arc  given  for  that 
one  of  the  two  trusses  which  is  subjected  to  maximum  stresses 
for  each  case  of  loading. 

The  stresses  for  the  vertical  trusses  have  been  calculated  for 
the  same  four  conditions  of  loading  as  for  the  sway  frames. 

For  case  I,  the  vertical  trusses  act  as  cantilever  girders,  and 
for  cases  II,  III  and  IV  as  continuous  girders  with  end  supports 
lowered.  The  latter  condition  is  caused  by  the  wedges,  which 
have  been  designed  for  raising  the  ends  of  the  dam  only  a  frac- 
tional part  of  the  deflection  of  the  vertical  trusses,  while  the 
dam  is  swinging. 

The  stresses  in  the  vertical  trusses  for  cases  II,  III  and  IV 
were  determined  in  the  following  manner.  For  each  of  these 
cases  the  reaction  at  the  end  of  the  long  arm,  panel  point  Ao, 
was  considered  as  the  redundant  force.  The  stresses  S\  pro- 
duced in  the  trusses  due  to  a  load  of  1,000,000  lbs.  at  Ao,  as  well 
as  the  stresses  So,  produced  by  the  actual  loading  for  each  specific 
case,  could  therefore  be  determined  in  the  same  manner  as  for 
an  ordinary  cantilever  span.  After  determining  these  stresses 
and  those  for  case  I,  the  deflection  AA©  of  panel  point  A^  was 
calculated  for  each  case  of  loading  by  Otto  Mohr 's  work  equation : 

A  4       'So  X  S'  X  I 
^^''=      EX  A 
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'T'  being  the  length  of  each  member  in  question,  "A'*  its  sec- 
tional area,  and  ^^E^'  the  modulus  of  elasticity.  The  deflection 
at  Ao  for  case  I  was  then  substracted  from  the  deflection  calcu- 
lated for  each  case  of  loading,  to  which  were  added  the  vertical 
lifts  of  the  wedges.  This  result,  when  divided  by  the  deflection 
due  to  1,000,000  lbs.  and  multiplied  by  the  load  of  1,000,000  lbs. 
is  the  actual  reaction  at  Ao  for  each  case  of  loading.  Having 
thus  found  the  reaction  at  Ao  for  each  case,  the  two  other  reac- 
tions can  easily  be  determined  and  aU  stresses  derived  by  simple 
statics. 

This  method  is  especially  adapted  to  the  above  case,  offer- 
ing a  quick  solution  and  taking  full  account  of  the  deflection  of 
all  web  members,  also  of  pin  clearances.  The  various  methods 
ordinarily  used  for  continuous  bridges  dealing  with  movable 
loads  would  be  very  laborious  and  not  exact. 

In  regard  to  the  purpose  of  the  various  systems  of  trusses 
and  bracing  composing  the  dam,  it  is  evident  that  the  vertical 
trusses  resist  the  vertical  loads,  the  horizontal  truss  resists  the 
horizontal  loads  produced  by  the  water  pressure,  and  the  sway 
frames  transfer  the  torsional  moments  acting  upon  the  dam  to 
the  vertical  trusses  and  the  horizontal  truss.  The  sway  frames 
also  form  an  important  part  of  the  dam,  by  bracing  the  inclined 
portion  of  the  bottom  chord  of  the  upstream  truss ;  this  portion 
of  the  downstream  truss,  in  addition  to  being  braced  by  the  sway 
frames,  is  also  braced  by  the  horizontal  truss.  No  other  bracing 
can  be  provided  for  these  chords,  as  the  bottom  lateral  system 
cannot  be  extended  over  the  whole  length  of  the  long  arm,  due  to 
the  interference  which  would  be  caused  with  the  lowering  of  the 
gates.  As  far  as  the  top  lateral  system  is  concerned,  it  might,  at 
first  glance,  appear  to  be  unnecessary  to  extend  it  over  the  whole 
top  chord,  instead  of  over  the  horizontal  part  of  the  long  arm 
only.  This  is  correct  for  the  conditions  of  loading,  case  II,  III 
and  lY,  but  not  for  case  I,  as  the  reaction  conditions  for  case  I 
are  entirely  different  from  those  of  cases  II,  III  and  IV.  If  the 
top  lateral  system  were  not  to  be  extended  over  the  whole  length 
of  the  top  chord,  the  inclined  portion  of  the  bottom  chord  of 
both  vertical  trusses  would  be  unbraced  for  case  I,  as  each  sway 
frame  would  be  at  liberty  to  revolve  in  its  own  plane  and  the 
horizontal  truss  would  be  hinged  at  one  end  only,  viz.,  the  end 
towards  the  center  of  the  dam. 


EMEBGENOT  DAMS  ABOVE  THE  LOOKS  153 

In  order  to  have  the  bottom  chords  of  the  vertical  trusses 
braced  for  case  I,  it  is  necessary  to  extend  the  top  lateral  system 
over  the  whole  length  of  the  top  chord.  By  making  this  exten- 
sion, the  short  arm  and  the  two  first  panel  points  on  the  long  arm 
are  entirely  enclosed  by  six  truss  systems,  viz.,  two  vertical 
trusses,  two  lateral  systems  and  two  portals,  so  that  an  entirely 
stiff  structure  for  this  portion  of  the  dam  is  secured.  An  analysis 
will  show  that  the  stiffening  of  this  part  of  the  dam  will  prevent 
the  cross  frames  from  revolving,  and  thereby  cause  the  desired 
result  of  stiffenmg  the  bottom  chord  of  the  vertical  trusses. 

MATERIALS. 

All  steel  work  entering  into  the  construction  of  the  dams 
was  thoroughly  cleaned  of  aU  mill  scale,  rust,  etc.,  before  painting 
was  allowed.  The  structural  work  was  pickled  or  sand  blasted, 
depending  upon  the  size  of  the  pieces,  before  assembling  into  the 
various  members. 

The  structural  material  used  for  the  gates,  sway  frames, 
lateral  systems,  floor,  and  machinery  supports  is  carbon  steel 
of  the  quality  conunonly  used  for  steel  railway  bridges.  The 
rivets  throughout  the  dam  are  of  carbon  rivet-steel  of  ordinary 
composition. 

For  the  vertical  trusses,  horizontal  trusses,  wicket  girders 
and  longitudinal  and  transverse  girders  at  center,  nickel  steel  is 
used.  The  chemical  and  physical  requirements  of  the  unan- 
nealed  rolled  specimens  of  this  material  are  as  f oUows :  Ni,  3% 
minimum;  P,  0.04%  maximum;  S,  0.05%  maximum;  ultimate 
strength,  80,000  lbs.  to  100,000  lbs. ;  yield  point,  50,000  lbs.  mini- 
mum ;  elongation  in  8  in.  for  plates  and  shapes  up  to  and  includ- 
ing %  in.,  16%  nunimum;  and  over  %  in.,  15%  minimum;  cold 
bending  for  material  %  in.  and  under,  180  degrees  around  pin 
with  diameter  2  x  t,  and  for  material  over  %  in.,  180  degrees 
around  pin  with  diameter  3  x  ^,  ^  being  thickness  of  material. 
For  the  nickel-steel  eye-bars  the  following  tests  are  given  as  typi- 
cal. For  the  specimen  tests,  yield  point,  58,500  lbs.,  ultimate 
strength  100,000  lbs.;  elongation  in  8  in.,  15%;  reduced  area, 
27% ;  fracture,  ^  cup.  For  the  full  size  tests,  yield  point  57,000 
lbs.;  ultimate  strength  95,000  lbs.;  elongation  in  12  in.,  33%; 
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reduced  area,  34% ;  fracture,  silky.  The  specimen  tests  were 
taken  before  annealing,  and  the  full  size  tests,  in  which  the  bar 
is  tested  to  destruction,  were  taken  after  annealing.  The  anneal- 
ing of  the  eye-bars  was  performed  with  great  care,  and  the  satis- 
factory results,  as  shown  by  the  above  tests,  are,  in  a  large  meas- 
ure, due  to  the  annealing  treatment.  The  chemical  properties 
of  the  nickel-steel  eye-bars  are  as  follows:  C,  0.33;  P,  0.015;  Si, 
0.09 ;  S,  0.03 ;  ]VIn,  0.59 ;  Ni,  3.3. 

Important  castings,  such  as  trolley  yokes  supporting  the 
gates  and  the  castings  forming  the  supports  for  the  roUer  bear- 
ings in  the  gates,  are  of  vanadium  steel,  specially  heat  treated. 
These  castings  have  the  following  average  physical  properties: 
yield  point  46,000  lbs. ;  ultimate  strength  76,000  lbs. ;  elongation 
in  2  in.,  25%;  reduced  area,  36%.  The  average  chemical  prop- 
erties of  these  castings  are  as  follows:  C,  0.280;  P,  0.033;  Si, 
0.300;  S,  0.040;  Mn,  0.620;  V,  0.180. 

The  upper  and  lower  disks  of  the  center  pivot  are  made  of 
forged  chrome  vanadium  steel.  The  physical  properties  of  this 
steel  are  as  follows:  Elastic  limit,  175,000  lbs.;  ultimate 
strength,  200,000  lbs.;  elongation  in  2  in.,  8%.  This  steel  has 
average  chemical  properties  as  f oUows :  C,  0.350 ;  Mn,  0.850 ;  S, 
0.027 ;  P,  0.025 ;  Si,  0.140 ;  Cr,  0.990 ;  V,  0.220.  These  disks  are 
43  in.  in  diameter  and  5  in.  in  thickness  through  the  center;  the 
approximate  area  of  each  is  1452  sq.  inches ;  the  total  load  upon 
the  disk  is  6,700,000  lbs. ;  therefore,  the  minimum  unit  pressure 
is  6,700,000  divided  by  1452,  or  4620  lbs.  per  sq.  inch.  This  is 
the  highest  unit  pressure  that  has  ever  been  used  in  a  similar 
location.  Blanks  for  these  disks  were  cut  from  a  sand-cast  ingot. 
After  forging  it  into  shape,  the  disks  were  carbonized  for  about 
six  days  at  a  temperature  of  1850  degrees  P.  and  then  air 
annealed.  After  the  air  annealing,  the  disks  were  machined  to  a 
true  radial  surface.  They  were  then  reheated  to  a  temperature 
of  1600  degrees  F.  and  quenched  in  water.  The  disks  were  turned 
within  one  thirty-second  of  an  inch  of  the  final  size,  then  shipped 
to  the  point  of  assembling,  where  the  concave  surfaces  of  each 
were  ground  and  polished  to  gauge. 

Between  the  upper  and  lower  steel  disks  there  is  placed, 
as  noted  before,  a  forged  manganese-bronze  center  disk.  This 
disk  is  also  43  in.  in  diameter,  but  is  7  in.  thick  through  the  cen- 
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ter.  For  testing  purposes,  three  test  pieces  were  cut  from  each 
disk.  One  piece  was  cut  radially  to  the  disk,  one  tangentially 
and  the  third  was  cut  by  a  hollow  drill  through  the  center  of  the 
disk.  The  material  of  this  disk  is  of  exceptionally  high  quality, 
as  evidenced  by  the  following  average  physical  properties,  it 
being  added  that  the  results  obtained  from  each  set  of  test  speci- 
mens did  not  vary  more  than  5% ;  yield  point,  90,000  lbs. ;  ulti- 
mate strength,  120,000  lbs.;  elongation  in  2  in.,  18%;  reduced 
area,  15%.  The  following  is  the  average  chemical  composition 
of  this  metal :  Cu,  66.84 ;  Z,  20.43 ;  Mn,  3.17 ;  Al,  6.22 ;  Pe,  2.14 ; 
Si,  trace;  undetermined,  1.20. 

The  bronze  was  first  made  by  regular  crucible  process,  and, 
after  a  sufficient  quantity  had  been  melted,  it  was  poured  into  a 
chilled  iron  mold  approximately  cubical  in  shape.  Sufficient 
excess  was  cast  in  the  ingot  (about  20%  of  the  weight  of  the 
ingot)  to  aUow  turning  off  the  head  and  thereby  securing  solid 
metal.  The  piece  was  then  heated  to  a  forging  temperature, 
about  1600  degrees  F.,  and  forged  into  the  approximate  shape 
of  the  center  disk.  After  forging  the  disk,  the  test  specimens 
were  cut  from  the  blank  in  the  manner  given  above,  and,  if  the 
tests  proved  satisfactory,  the  disk  was  rough-turned  prior  to  ship- 
ment to  the  point  of  assembling.  The  disks  were  then  turned 
and  polished  to  gauge  and  grooves  cut  on  each  convex  surface  for 
grease. 

Chemical  and  physical  tests  were  made,  by  the  commission, 
of  20  different  brands  of  grease  in  order  to  determine  a  suitable 
grease  for  lubricating  the  surfaces  of  the  disks.  All  of  these 
tests  showed  that  the  three  different  brands  of  Whitmore  grease 
which  were  tested  were,  for  the  desired  purpose,  far  superior  to 
any  of  the  other  brands.  The  physical  tests  were  made  on  three 
small  disks  of  4  in.  diameter,  the  upper  and  lower  disks  being 
made  of  case-hardened  steel,  and  the  middle  disk  of  manganese 
bronze  of  the  same  quality  as  used  for  the  dam.  The  tests  were 
carried  out  by  revolving  the  center  disk  by  means  of  a  lever  and 
by  varying  the  load  upon  the  disk.  In  examining  the  disk,  after 
the  test,  it  was  found  that  when  the  pressure  reached  5000  lbs. 
per  sq.  inch,  all  brands  of  grease  except  Whitmore 's  escaped 
under  the  pressure,  leaving  the  metal  bare  in  spots.  For  some  of 
the  lighter  brands,  the  bare  spots  were  found  when  the  pressure 
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reached  3000  lbs.  per  sq.  inch.  For  the  lightest  brand  of  Whit- 
more  grease,  bare  spots  were  found  at  a  pressure  of  8000  lbs. 
per  sq.  inch,  whereas  for  the  two  other  brands  of  Whitmore 
grease,  no  bare  spots  could  be  detected  at  as  high  a  pressure  as 
12,000  lbs.  per  sq.  inch.  No  tests  were  made  for  higher  pres- 
sures, as  the  machine  did  not  have  the  capacity.  In  view  of  the 
results  of  these  tests,  the  heavy  grade  of  Whitmore 's  grease  was 
adopted  for  the  center  disks  and  the  wedges,  and  the  light  grade 
for  all  roller  bearings. 

After  erection,  tests  were  made  on  the  West  Emergency  dam 
at  Pedro  Miguel.  The  excess  counter-weight  on  the  short  arm 
was  removed,  so  that  the  dam  was  balanced  and  the  trailing 
wheels  were  not  touching  their  tracks,  also  the  main  pinions  were 
taken  out  of  mesh  with  the  rack.  The  dam  was  turned  by  pulling 
on  a  chain  hoist,  and  the  pull  was  recorded  by  a  dynamometer. 
Attempts  were  made  to  pull  the  dam  around  at  a  uniform  speed, 
and  to  note  maximum  and  minimum  readings.  Although  the 
dynamometer  had  been  checked  and  found  to  be  correct,  it  was 
further  checked  during  these  tests  by  fastening  it  at  two  differ- 
ent places  on  the  long  arm  of  the  dam.  It  was  at  first  fastened 
at  the  inner  end  of  the  horizontal  truss  and  then  at  the  outer 
end.  The  calculated  turning  moments  obtained  from  the 
recorded  pulls  on  the  dynamometer  and  the  measured  lever  arms 
at  which  the  dynamometer  was  fastened,  agreed  very  closely 
with  each  other,  the  average  turning  moment  being  630,000  ft. 
lbs.  As  the  total  load  on  the  center  disk  is  7,600,000  lbs.  and 
the  radius  of  the  disk  is  21.5  inches,  the  coefficient  of  friction,  /, 
acting  at  the  circumference  of  the  disk  will  be : 

630,000X12    _ 
^  -  21.5  X  6,700,000^"  ^•^^^^• 

In  view  of  the  excellent  results  of  the  tests  on  the  center 
pivot,  it  was  decided  to  make  tests  of  lubricants  for  the  journals 
of  the  trailing  wheels  at  the  end  of  the  short  arm,  as  it  had  been 
found  to  be  advisable  to  increase  the  load  on  these  wheels  from 
20,000  lbs.  on  each  to  43,000  lbs.  on  each.  A  certain  grease  had 
been  placed  in  these  journals  during  erection.  After  the  pockets 
provided  in  the  concrete  counter-balance  had  been  filled  with  the 
additional  desired  amount  of  pig  iron,  the  tests  were  repeated  in 
the  same  manner  as  had  been  done  for  the  center  pivot.     The 
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recorded  average  turning  moment  showed  an  increase  during 
this  test  of  226,000  ft.  lbs.,  making  the  total  turning  moment 
equal  to  856,000  ft.  lbs.  The  radius  of  the  trailing  wheels  is  1.12 
ft.,  the  radius  of  the  axles,  0.21  ft.  and  the  lengths  of  the  axles 
at  each  side  of  the  wheels  are  5%  in.  The  unit  pressure,  upon 
the  projected  area  of  the  axle,  due  to  the  load  of  43,000  lbs.  is 
805  lbs.  per  sq.  inch.  The  force  jP^,  applied  at  the  rack  to  over- 
come the  total  friction  of  the  trailing  wheels  is : 

_  856^000-630^ 
^* 92:25 ^^'^^^  ^^'• 

Assuming  the  coefficient  of  rolling  friction  =  0.001  ft.,  the  force 
F2,  applied  at  the  center  of  the  wheels,  to  overcome  the  rolling 
friction  is 


^^^ 86,000 lbs  X  0.001  ^,,^^ 


The  force,  F,  applied  at  the  rack,  to  overcome  the  journal  fric- 
tion of  the  trailing  wheels  is :  jP  =  F^  —  J?,  =  23,373  lbs.  After 
these  tests  were  made,  all  grease  was  removed  from  the  journals, 
then  Whitmore  grease  was  applied  and  new  tests  were  made. 
The  recorded  average  turning  moment  for  these  tests  was  650,000 
ft.  lbs.  The  force,  F^,  applied  at  the  rack  to  overcome  the  total 
friction  of  the  trailing  wheels  was : 

„   650,000  —  630,000   ^,  „  ,^ 
^^ 92.25     =^^^^^^-' 

and  the  force,  F,  to  overcome  the  journal  friction  was 
F  =  F^  — 77-^140  lbs.,  as  compared  with  2373  lbs.  for  the 
grease  first  tried. 

The  amounts  the  wedges  had  to  be  driven  were  arbitrarily 
chosen  for  the  long  arm  as  1^  in.,  and  for  the  short  arm,  %  in. 
The  calculations  of  the  wedging  machinery  were  based  upon  a 
coefficient  of  friction  of  10%,  applied  at  upper  and  at  lower 
surfaces  of  wedge.  As  the  contractor  for  the  dams  doubted  that 
the  wedging  machinery  could  drive  the  wedges  the  full  amount, 
and,  as  this  amount  was  an  arbitrary  one,  he  was  allowed,  for  the 
first  dam  which  was  built,  to  adjust  the  wedges  in  such  a  manner 
that  they  raised  the  dam  only  one  half  of  the  amount  originally 
decided  upon.  The  wedging  machinery  performed  this  work  so 
well  that,  for  the  second  dam  which  was  built,  the  wedges  were 
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adjusted  for  three  quarters  of  the  original  amount,  and,  as  this 
work  was  also  performed  with  ease,  the  wedges  for  the  third  dam 
were  adjusted  to  raise  the  dam  the  full  amount.  It  is  difScult 
to  determine  accurately  the  coeflScient  of  friction  for  the  wedges, 
but  it  is  safe  to  assume  that  this  coefficient  is  well  below  10%. 

The  maximum  load  on  one  rOller-bearing  of  the  gate  wheels 
will  be  32,750  lbs.  This,  distributed  over  three  rollers  of  a  bear- 
ing, would  give  about  10,900  lbs.  i)er  roller.  The  rollers  are  made 
of  chrome  steel  of  the  following  properties,  viz. :  C,  1.05 ;  Mn, 
0.23 ;  S,  0.034 ;  P,  0.017 ;  Si,  0.26 ;  Cr,  1.20.  This  material  has  a 
yield  point  of  163,300  lbs.  No  permanent  set  was  found  on  rollers 
tested  under  a  load  of  63,000  lbs.  The  tool-steel  sleeves,  in  which 
the  rollers  are  carried,  have  the  following  properties:  C,  1.05; 
Mn,  0.28 ;  S,  0.035 ;  P,  0.019 ;  Si,  0.193.  The  wheels  for  the  gates 
are  of  case-hardened  chrome-vanadium  steel  of  the  following 
properties:  C,  0.24;  P,  0.012;  Si,  0.14;  S,  0.025;  Mn,  0.5;  Cr, 
0.9 ;  V,  0.21.  This  material  has  a  yield  point  of  76,000  lbs.,  an 
ultimate  strength  of  96,000  lbs.,  with  an  elongation  of  20%  in 
2  in.,  and  reduction  of  area  of  60%. 

After  the  gates  were  assembled,  friction  tests  were  made  at 
the  contractor's  shops.  Figure  5  shows  gate  No.  1  subjected 
to  a  load  equivalent  to  the  full  static  head  of  467,000  lbs.,  the 
load  placed  upon  the  gate  being  450,040  lbs.  and  the  weight  of 
the  gate  itself  being  17,610  lbs. 

The  tests  for  each  gate  were  divided  into  three  parts.  The 
first  part  consisted  in  loading  the  gate  to  an  amount  equal  to  the 
sum  of  the  kinetic  and  the  static  water  pressures  while  lowering 
the  gate  in  a  current,  and  in  measuring  the  force  required  to 
move  the  gate  horizontally.  The  second  part  consisted  in  load- 
ing the  gate  to  an  amount  equal  to  the  maximum  static  water 
pressure  to  which  the  gate  might  be  subjected.  The  third  part 
consisted  in  a  repetition  of  the  first  part.  This  test  was  made 
to  ascertain  if  the  force  required  for  moving  the  gate  horizontally 
had  changed,  due  to  overstraining  the  roller-bearings  during  the 
second  part  of  the  tests.  The  forces  recorded  during  the  first 
and  third  parts  of  the  tests  may  be  expressed  in  percentages  of 
the  weight  of  each  gate;  they  are  as  follows:  for  gate  No.  1, 
4.2%  and  2.6%  ;  for  gate  No.  2,  3.4%  and  3.4%  ;  and  for  gate  No. 
3,  4:2%  and  3.5% ;  for  gate  No.  4,  4.3%  and  3.4% ;  for  gate  No. 
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5, 1.6%  and  1.5%, — the  first  mentioned  percentages  being  for  the 
first  part  of  the  tests,  and  the  second  mentioned  for  the  third 
part.  The  excellent  results  of  these  tests  may  be  due  as  much 
to  the  splendid  work  done  on  the  roller-bearings  as  to  the  grease 
used  for  these  bearings. 

ERECTION. 

The  dams  were  erected  in  the  position  parallel  to  the  lock 
walls.  Three  tracks  were  used,  one  on  the  center  line  and  one 
on  each  side.  The  track  nearest  the  lock  wall  was  carried  on 
wooden  bents  over  the  pit  into  which  the  wicket  girders  swing. 
The  other  two  tracks  were  carried  over  this  pit  on  the  wicket 
girders,  which  had  been  placed  in  a  temporary  position  on  heavy 
cribbing. 

Erection  began  with  the  placing  of  the  center  pivot-casting 
and  cross  girders,  and  proceeded  simultaneously  towards  the 
outer  ends  of  both  arms.  The  vertical  trusses  were  erected  on 
blocking  slightly  above  the  calculated  camber  elevations.  Over 
the  pit  under  the  long  arm  the  blocking  was  supported  by  the 
wicket  girders.  The  short  arm  was  lowered  to  its  camber  eleva- 
tions before  the  long  arm  was  completed.  Great  care  was  taken 
in  maintaining  the  calculated  camber  elevations  and  in  riveting 
the  members  of  the  vertical  trusses  immediately  after  assembling. 

After  completion  of  the  vertical  trusses  and  their  bracing, 
the  horizontal  truss  was  erected,  starting  at  the  outer  end.  It 
was  supported  by  blocking  along  the  tension  chord  and  by  bolts 
at  the  lower  chord  of  the  vertical  truss.  The  booms  and  framing 
supporting  the  horizontal  truss  were  erected  as  the  erection  of 
this  truss  progressed.  Each  wicket-girder  boom  was  bolted  to  its 
framing  on  the  ground  and  then  assembled  into  the  structure. 

The  floor  system  was  next  put  in  place  and  the  erection  of 
the  hoisting  machinery  begun.  The  pin  ends  of  the  wicket 
girders  were  raised  by  means  of  block  and  tackle,  secured  to  the 
floor  beams,  and  the  pins  placed.  The  outer  ends  were  tem- 
porarily supported  while  the  gates  were  lifted  into  storage 
position. 

The  installation  of  machinery  went  on  during  almost  the 
entire  erection  period.     The  houses  for  the  motors  and  switch- 
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boards  were  begun  immediately  after  the  concrete  counter-weight 
block  was  completed,  and,  in  the  removal  of  the  boose  forms, 
work  on  the  motors  and  switchboards  was  commenced  and  was 
completed  simultaneonsly  with  that  on  the  houses. 

INSPECTION. 

For  inspection  of  materials  and  erection,  the  same  plan  was 
followed  for  the  emergency  dams  as  for  the  lock  gates  and  other 
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important  work  coming  under  the  jurisdiction  of  the  Assistant 
Chief  Engineer,  viz.,  the  placing  of  the  designing  engineer  of 
each  particular  work  in  charge  of  inspection.  As  comparatively 
few  data  were  at  hand  for  obtaining  the  best  results  from  the 
various  materials  composing  the  structure,  considerable  experi- 
mental work  was  necessary.  This  work  required  a  closer  coopera- 
tion with  the  contractor  than  usually  is  the  ease.  This  was 
especially  so  in  regard  to  the  vanadium  case-hardened  gate 
wheels  and  the  chrome-vanadium  steel  disks,  in  connection  with 
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which  credit  is  due  to  Mr.  R.  F.  Wysor,  Inspector  for  the  I.  C. 
C.  and  Mr.  Bowman  of  the  Carnegie  Steel  Company. 

FINAL  TESTS. 

The  acceptance  test  for  each  dam  included  placing  it  in  po- 
sition across  the  lock  chamber  in  the  dry,  and  then  restoring  it 
to  its  original  position  parallel  to  the  lock  walls.  See  Figs. 
Nos.  1,  2,  3  and  4.  The  time  recorded  for  the  actual  operation 
of  the  various  parts  of  the  East  Emergency  Dam  at  Gatun  during 
this  test  was  as  follows  : 

Mins.       Sees. 

Drawing  wedges  19 

Turning  dam  1  44 

Driving  wedges  20 

Lowering  wicket  girders 4  40 

Lowering  gates  No.  1 3  02 

Throwing  clutches  for  gates  No.  2 49 

Lowering  gates  No.  2 3  25 

Throwing  clutches  for  gates  No.  3 49 

Lowering  gates  No.  3 3  03 

Throwing  clutches  for  gates  No.  4 49 

Lowering  gates  No.  4 2  32 

Throwing  clutches  for  gates  No.  5 49 

Lowering  gates  No.  5 2  02 

Total 24  23 

The  total  time  required  for  bringing  the  dam  into  position 
was  42  minutes  and  17  seconds,  and  the  time  lost  between  the 
various  operations  was  17  minutes  and  54  seconds.  This  lost 
time  will  probably  be  reduced  by  the  employment  of  skilled 
workmen  in  operating  the  dam. 

The  minimum  time  in  which  the  dam  was  brought  back  to 
its  original  position  was  1  hour,  27  minutes  and  59  seconds. 

On  the  5th  and  6th  of  May,  1914,  this  dam  was  subjected  to 
its  full  static  head  as  shown  on  Figures  6,  7  and  8.  The  dam 
was  brought  into  place  in  still  water,  after  which  the  culverts 
leading  from  the  upper  lock  were  opened,  thus  letting  out  and 
lowering  the  water  below  the  dam.  Figure  6  gives  a  rear  view 
of  the  dam,  while  subjected  to  a  head  of  20  ft.  of  water,  or 
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approximately  the  same  head  to  which  the  dam  at  Sault  Ste. 
Marie  was  subjected,  during  the  accident  previously  mentioned. 
As  can  be  seen  from  Figure  6  and  Figure  8,  there  is  very 
little  leakage  in  alternate  panels  of  the  dam,  thus  showing  the 
comparatively  tight  joint  obtained  by  the  bent  plates  provided 
for  the  upper  and  lower  edges  of  each  gate.  As  shown  on  Plate 
No.  4,  these  plates  have  not  been  extended  over  the  whole 
width  of  the  gate,  as  this  would  necessitate  making  an  oblong 
cut  in  these  plates  to  provide  clearance  for  the  drive  pipes.  The 
openings  which  thus  remain  unclosed  at  the  lower  comer  of  each 
gate  are  shown  on  Plate  No.  6.  The  larger  leakages,  which 
also  occur  in  alternate  panels,  are  due  to  these  uncovered  open- 
ings, although  it  may  appear  as  if  the  leakage  occurred  between 
the  horizontal  joints  of  the  gates.  A  considerable  amount  of 
leakage  also  takes  place  at  the  sill,  where  a  %-in.  clearance  is 
provided  at  each  side  of  the  wicket  girders.  The  total  leakage 
of  this  dam  while  subjected  to  the  full  static  head  of  50  ft.,  as 
measured,  was  950  cu.  ft.  per  second,  or,  in  other  words,  1%  of 
the  total  calculated  discharge  in  case  the  gates  were  carried  away 
and  before  the  Emergency  Dam  should  be  brought  into  action. 

While  lowering  the  water  below  the  dam,  measurements  were 
taken  of  the  elevation  of  the  compression  chord  of  the  horizontal 
truss.  These  measurements  showed  that  the  elevation  of  this 
chord  increased  with  the  static  head  produced  on  the  dam,  and 
that  this  increase  in  elevation  was  1^  in.  for  the  full  static  head. 
The  elevation  of  the  top  of  the  upmost  gate  remained,  however, 
the  same  during  the  whole  test,  which  shows  that  a  relative  mo- 
tion took  place  between  the  gates  and  wicket  girders,  although 
the  gates  were  subjected  to  their  full  static  head,  which  is  greater 
than  the  head  to  which  they  will  be  subjected  while  being  low- 
ered in  a  current,  as  previously  pointed  out.  The  change  in 
elevation  of  the  horizontal  truss  is  caused  by  the  water  pressure 
producing  an  upward  force,  due  to  the  inclined  bottom  flange  of 
the  wicket  girders. 

CONTRACTORS   AND   COST. 

The  contract  for  the  manufacture,  delivery,  and  erection  of 
all  dams  was  let  to  U.  S.  Steel  Export  Company,  which  sublet 
the  structural-steel  work  and  the  turning  and  wedging  machinery 


EMERGENCY  DAMS  ABOVE  THE   LOCKS  163 

to  the  American  Bridge  Company,  the  roller  bearings  to  the 
Standard  Machinery  Co.,  the  girder  and  gate  hoisting  machinery 
to  the  Otis  Elevator  Company,  and  the  electrical  equipment  to 
the  General  Electric  Company. 

The  total  cost  of  the  dams  at  Gatun  and  Pedro  Miguel,  in- 
cluding inspection,  is  $1,729,900.40,  making  the  average  cost  of 
each  of  these  dams  $432,475.10.  The  dams  at  Mirafiores  cost 
$726,402.60,  making  the  cost  of  each  dam  $363,201.30. 

nNlS. 

In  the  task  of  designing  the  emergency  dams,  valuable  assist- 
ance was  rendered  by  Mr.  C.  Derrick  and  Mr.  Frank  H.  Moore, 
Assistant  Engineers  of  the  I.  C.  C,  to  whom  the  writer  is  in- 
debted, also  to  Mr.  0.  E.  Hovey,  Assistant  Chief  Engineer  of 
the  American  Bridge  Company  and  his  former  Assistant  En- 
gineer, the  late  Mr.  Blythe. 
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HYDKAULIC8  OF  THE  LOCKS  OF  THE  PANAMA  CANAL. 


By 

R.  H.  WHITEHEAD,  Assoc.  M.  Am.  Soc.  M.  E.,  M.  Am.  Inst.  E.  E. 

Ass't  Superintendent,  Pacific  Locks,  The  Panama  Canal 

Pedro  Miguel,  Canal  Zone,  Panama 


The  purpose  of  this  paper  is  to  give  mathematical  expression 
to  the  hydraulics  of  the  locks  of  the  Panama  Canal.  Many  unex- 
pected phenomena  have  been  observed  since  the  locks  have  been 
put  into  operation,  some  of  which  are  very  helpful  and  others 
disadvantageous.  Their  analyses  are  presented  with  the  hope  that 
they  may  assist  designers  of  locks;  accordingly  the  subject  is 
treated  from  this  viewpoint,  and  recommendations  are  made 
showing  how  to  secure  desirable  results. 

A  correlation  of  this  paper  has  not  been  possible  with  the 
Panama  Canal  papers  presented  before  this  Congress  because 
of  the  limited  amount  of  time  and  the  extent  of  the  subject 
covered. 

The  arrangement  of  valves  and  culverts  is  described  and  the 
object  and  expectations  of  the  design  given.  The  observed  char- 
acteristics of  the  system  are  first  mentioned  briefly.  It  is  shown 
that  the  safe  rate  of  changing  levels  while  locking  a  vessel  is 
dependent  on  the  distribution  of  water,  and  that  in  the  locks  of 
the  Panama  Canal  a  maximum  rate  of  7.5  ft.  (2.29  m.)  per  min- 
ute with  a  good  distribution  is  preferable  to  a  rate  of  4.5  ft. 
(1.37  m.)  per  minute  with  an  inferior  distribution.  It  is  shown 
that  the  distribution  for  filling  is  more  important  than  for 
emptying  the  chambers. 

An  analysis  is  made  of  the  present  distribution  through  the 
openings  of  the  lateral  culverts  on  the  basis  of  negligible  friction 
in  the  lateral.    The  unlike  discharges  through  the  openings  are 
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explained,  and  recommendations  are  made  showing  how  to  obtain 
correct  distribution. 

The  coefficient  of  friction  /  is  determined  from  observations 
taken  during  full  discharge  through  the  lock  culverts,  and  it  is 
shown  that  the  main  culvert  valves  when  fully  opened  offer  a 
negligible  resistance  to  the  flow  of  water.  The  coefficient  /  for 
the  lateral  culverts  is  obtained  by  deduction. 

An  arithmetical  analysis  is  then  made  for  the  flow  through 
the  lateral  culverts  and  openings,  making  all  allowances  for  fric- 
tion. The  distribution  for  the  main  culvert  and  the  individual 
laterals  is  also  determined,  making  all  allowances  for  friction. 
The  total  initial  energy  of  the  water  is  entirely  accounted  for  and 
the  lock  coefficient  C  is  determined.  The  analysis  is  proven  by 
the  actual  value  of  C  obtained  from  the  filling  curves  and  the 
observed  distribution.  Recommendations  for  uniform  distribu- 
tion for  the  system  follow. 

The  filling  and  emptying  curves  for  Pedro  Miguel  locks  for 
all  conditions  of  operation  are  next  discussed.  It  is  shown  that 
the  over-travel  of  the  water  in  the  locks  is  due  to  a  head  pre- 
viously neglected  and  called  the  dynamic  head.  The  true  equa- 
tion of  flow  is  determined.  It  is  shown  that  the  dynamic 
head  causes  greater  values  of  C  by  use  of  the  ordinary  equation 
of  flow  than  the  actual  value,  and  it  results  in  a  large  saving  of 
time  for  the  change  of  levels.  The  actual  value  of  C  is  deter- 
mined for  all  conditions  of  operation  for  the  900-ft.  (275  m.) 
Pedro  Miguel  lock. 

The  value  of  the  dynamic  head  is  determined  for  locks  hav- 
ing complex  culvert  systems  and  is  calculated  for  the  side-wall 
culvert.  It  is  shown  that  its  value  depends  on  the  location  taken 
and  that  this  explains  the  back-pressure  on  the  lower  safety  gates 
in  addition  to  that  on  the  upper  gates. 

The  rising  stem  valves  are  briefly  described  and  an  analysis 
is  made  of  all  friction  losses,  the  coefficient  of  roller  train  fric- 
tion is  determined  in  particular,  and  the  operating  characteristics 
of  the  valves  under  various  heads  are  stated. 

The  miter-gate  moving  machine  is  described  and  the  duty 
cycle  determined.  It  is  shown  that  the  principal  resistive  force 
to  movement  of  a  miter-gate  leaf  is  due  to  lowering  of  the  water 
level  on  one  side  of  the  leaf  caused  by  its  displacement.     The 
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effect  of  simultaneous  and  non-simultaneous  operation  of  the 
leaves  of  a  gate  on  the  duty  cycle  is  explained.  The  effect  of  dif- 
ference of  salinity  of  the  water  on  the  two  sides  of  the  gate,  the 
immersion,  and  the  area  of  the  chamber  or  the  contracted  sec- 
tion controlled  by  the  gate  are  given.  The  beneficial  effect  of  the 
dynamic  head  on  the  operation  of  the  gates  is  discussed. 

The  currents  which  occur  on  opening  a  gate  with  a  diflfer- 
ence  of  salinity  of  water  on  the  two  sides  are  first  illustrated  by 
diagrams  obtained  with  pole  floats.  The  theoretical  value  of 
these  currents  and  certain  characteristics  are  compared  with 
actual  observations.  The  handling  of  vessels  in  these  currents  is 
discussed  in  conclusion. 


ARRANGEMENT  OF  VALVES  AND  CULVERTS  AND  EXPECTA- 
TIONS OF  THE  DESIGN. 

The  arrangement  of  valves  and  culverts  is  the  same  in  prin- 
ciple for  all  locks  of  the  Panama  Canal.  Fig.  1  is  a  general  view 
of  the  Pedro  Miguel  single-lift  locks.*  The  locks  are  in  dupli- 
cate sets,  with  a  common  center  wall.  The  water  is  dis- 
tributed over  the  area  of  the  lock  through  a  large  number  of 
openings  in  the  lock  floor.  These  openings  are  connected  in 
transverse  rows  to  lateral  culverts,  which  alternately  connect  to 
the  main  longitudinal  culverts  in  the  side  and  center  walls.  The 
main  culverts  extend  the  length  of  the  locks,  connecting  to  the 
forebay  at  the  upper  end  and  tail  bay  at  the  lower.  The  flow  of 
water  is  controlled  by  rising-stem  valves,  which  also  sectionalize 
the  main  culverts  and  thereby  cause  proper  diversion.  The  side- 
wall  laterals  connect  freely  to  the  main  culvert,  and  those  to  the 
center  wall  are  equipped  with  cylindrical  valves  at  the  entrance 
point.  The  center-wall  culvert  may  be  used  for  either  lock  by 
opening  the  cylindrical  valves  to  that  lock  and  closing  them  to 
the  opposite  lock.  Cross-filling  is  frequently  resorted  to  by  open- 
ing the  laterals  to  both  locks. 

All  main-culvert  valves  control  an  opening  8  ft.  (2.44  m.) 
wide  and  18  ft.  (5.49  m.)  high,  or  144  sq.  ft.  (13.39  sq.  m.)  in 

*  See  Plate  of  ' '  General  Design  of  the  Locks,  Dams  and  Regulating 
Works  of  the  Panama  Canal",  by  Brig.  Gen.  H.  F.  Hodges,  for  a  general 
plan  of  Pedro  Miguel  Locks. 
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area.  The  side  culvert  draws  through  three  of  these  valves  from 
the  forebay,  making  a  total  intake  area  of  432  sq.  ft.  (40.2  sq.  m.) . 
A  pair  of  valves  forming  the  second  set  for  filling  is  placed  320 
ft.  (97.6  m.)  from  the  intake  and  control  an  opening  of  288  sq.  ft. 
(26.8  sq.  m.).  Between  the  two  sets  of  valves  the  main  culvert 
has  an  area  of  432  sq.  ft.  (40.2  sq.  m.)  for  about  the  first  50  ft. 
(15.25  m.),  and  an  area  of  333  sq.  ft.  (30.9  sq.  m.)  for  the  remain- 
ing distance.  From  the  second  set  of  filling  valves  to  the  tail- 
bay  the  main  culvert  has  an  area  of  255  sq.  ft.  (23.7  sq.  m.),  and 
is  controlled  by  a  set  of  valves  placed  opposite  the  intermediate 
gate  and  two  lower  sets  for  emptying,  each  consisting  of  a  pair 
of  valves  having  a  total  opening  of  288  sq.  ft.  (26.8  sq.  m.).  The 
main  culvert  communicates  with  the  lock  chamber  through  twelve 
laterals  and  an  opening  for  inspection  purposes.  The  entrances 
to  the  laterals  have  an  area  of  55  sq.  ft.  (5.11  sq.  m.),  and  the 
opening  has  an  area  of  20  sq.  ft.  (1.86  sq.  m.).  Eleven  of  the 
laterals  connect  to  the  main  chamber  and  one  to  the  space  be- 
tween the  two  lower  gates.  This  last  lateral  is  controlled  by  a 
non-operating  valve  set  so  that  the  water  rises  and  falls  at  the 
same  rate  between  the  gates  as  in  the  main  chamber.  Each  of 
the  laterals  to  the  main  chamber  has  a  cross-sectional  area  of 
40.9  sq.  ft.  (3.8  sq.  m.),  or  a  combined  area  of  450  sq.  ft.  (41.8 
sq.  m.).  Each  of  the  laterals  opens  into  the  lock  through  five 
circular  openings  each  12.23  sq.  ft.  (1.137  sq.  m.)  in  area,  or  a 
total  of  673  sq.  ft.  (62.6  sq.  m.)  for  the  eleven  laterals.  The 
most  contracted  area  therefore  is  that  of  the  main  culvert,  255 
sq.  ft.  (23.7  sq.  m.). 

In  the  center  culvert  conditions  are  similar  except  that  the 
two  upper  sets  of  filling  valves  are  exactly  the  same  and  the  large 
culvert  extends  to  the  upper  set.  Two  entrances  are  provided, 
each  having  an  area  of  360  sq.  ft.  (33.4  sq.  m.).  There  are  but 
ten  laterals  provided  to  each  chamber,  and  the  entrance  to  each 
has  an  area  of  33.2  sq.  ft.  (3.08  sq.  m.).  The  various  total  areas 
are  therefore  360  sq.  ft.  (33.4  sq.  m.)  intake,  333  sq.  ft.  (30.9 
sq.  m.)  to  upper  set  of  valves,  288  sq.  ft.  (26.8  sq.  m.)  for  valves, 
255  sq.  ft.  (23.7  sq.  m.)  main  culvert,  332  sq.  ft.  (30.8  sq.  m.) 
entrances  to  lateral  culverts,  409  sq.  ft.  (38  sq.  m.)  total  area  of 
lateral  culverts,  and  612  sq.  ft.  (56.8  sq.  m.)  for  lateral  culvert 
openings. 
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The  system  was  designed  with  the  expectation  of  obtaining  a 
practically  uniform  water  distribution.  With  such  a  distribu- 
tion it  was  expected  to  change  the  water  levels  at  a  maximum 
rate  of  3  ft.  (0.915  m.)  per  minute.  The  side-wall  culvert  was 
designed  to  give  this  rate  for  the  major  part  of  the  operation  by 
regulating  valve  openings,  and  the  center-wall  culvert  was  in- 
tended as  an  auxiliary  which  might  be  used  to  accelerate  the 
last  few  feet  of  flow,  and  in  this  manner  perform  the  entire 
change  of  levels  in  15  minutes. 

OBSERVED  CHARACTERISTICS  OF   THE   SYSTEM  AND   IMPOR- 
TANCE OF  GOOD   DISTRIBUTION. 

The  maximum  rate  when  filling  the  900-ft.  (275  m.)  lock 
with  the  side-wall  culvert  is  4.5  ft.  (1.37  m.)  per  minute,  and 
with  both  culverts  fully  opened  for  the  entire  period  of  filling 
the  maximum  rate  is  about  7.5  ft.  (2.29  m.)  per  minute.  The 
distribution  for  filling  with  both  culverts  is  good,  but  for  one  cul- 
vert alone  it  is  not  what  was  expected.  In  locking  vessels  up  it 
is  preferable  to  use  both  culverts  with  the  7.5-ft.  (2.29  m.)  rate 
than  one  with  the  lower  4.5-ft.  (1.37  m.)  rate.  It  thus  happens 
that  on  account  of  its  effect  on  the  total  distribution,  the  center- 
wall  culvert,  while  originally  intended  as  an  auxiliary,  has  proven 
a  very  important  factor  in  the  safe  and  rapid  handling  of  vessels. 

The  distribution  for  filling  the  chamber  is  of  a  greater 
importance  than  for  emptying.  In  filling,  the  maximum  flow 
occurs  with  the  smallest  opportunity  for  adjustment,  and  the 
vessel  is  subject  to  action  of  jets  discharging  at  high  velocities 
from  the  openings  in  the  floor  of  the  lock.  These  jets  agitate 
the  surface  of  the  water  and  with  uneven  distribution  cause  the 
water  to  pile  up  on  one  side  of  the  vessel,  thereby  tending  to 
force  the  vessel  out  of  position  and  against  the  lock  wall,  if  not 
securely  held.  In  emptying,  the  opportunity  for  adjustment  is 
in  proportion  to  the  flow,  and  the  energy  of  the  flowing  water  is 
dissipated  in  the  culverts  and  in  the  lock  below  or  in  the  tailbay. 
The  water  is  drawn  into  the  openings  from  all  directions  and 
the  surface  remains  perfectly  placid. 

No  trouble  whatever  has  been  experienced  in  the  handling 
of  vessels  in  down  lockages  with  the  use  of  one  or  both  culverts, 
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although  it  is  known  that  the  distribution  is  not  uniform.  There- 
fore in  the  operation  of  the  locks,  vessels  on  up  lockages  are 
given  preference  for  double  culvert  operation,  and  the  center- 
wall  culvert  is  used  on  down  lockages  only  for  saving  time.  The 
remote-control  system  makes  it  possible  to  change  the  center- 
wall  culvert  from  one  lock  chamber  to  its  twin  in  30  seconds. 
With  light  traflSc,  such  as  at  present,  two  culverts  are  generally 
used  on  all  lockages. 

With  a  perfectly  uniform  distribution,  or,  better  yet,  a  dis- 
tribution that  will  automatically  center  the  vessel  in  the  locks  so 
that  it  will  not  drift  against  the  walls  and  so  that  there  will  be 
no  tendency  for  motion  along  the  axis  of  the  lock,  the  safe  rate  of 
change  of  levels  need  only  be  limited  by  economy  of  lock  design. 
It  is  believed  that  with  both  culverts  the  locks  of  the  Panama 
Canal  are  a  distinct  step  in  this  direction,  as  they  safely  handle 
large  vessels  through  a  lift  of  32  ft.  (9.76  m.)  in  eight  minutes. 
The  analysis  of  the  present  distribution  and  recommendation  for 
perfect  distribution  follow. 

DISCHARGE    THROUGH    LATERAL    CULVERT    OPENINGS    WHEN 
FILLING  LOCKS,  NEGLECTING  FBICTION. 

Fig.  2  shows  the  design  of  the  horizontal  lateral  culverts  and 
their  openings  in  the  lock  floor.  An  approximately  equal  dis- 
charge was  expected  from  the  five  like  openings  of  any  lateral, 
the  calculated  friction  losses  in  the  lateral  having  a  small  effect. 
As  the  total  kinetic  and  potential  energy  of  any  particle  of  water 
must  be  constant,  neglecting  friction,  for  all  positions  of  the  par- 
ticle during  the  passage  through  the  lateral  and  openings,  the 
velocity  of  discharge  for  all  openings  must  be  the  same,  even 
with  different  size  openings. 

In  the  operation  of  the  locks  the  discharge  is  not  the  same 
for  all  the  openings.  The  maximum  discharge  occurs  through 
the  opening  farthest  from  the  culvert  entrance,  and  the  dis- 
charge decreases  with  increasing  increments  through  the  suc- 
cessive openings  with  approach  to  the  lateral  entrance.  Only  a 
very  small  part  of  the  total  discharge  takes  place  through  the 
opening  nearest  the  lateral  entrance.  The  discharge  does  not 
take  place  perpendicularly  from  the  openings,  but  has  a  drift  in 
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the  direction  of  flow  through  the  lateral;  this  drift  becomes 
greater  through  the  successive  openings  with  approach  to  the 
throat  of  the  lateral.    Fig.  3  illustrates  these  facts. 

The  explanation  is  that  the  velocity  of  approach  causes  the 
drift  of  the  jet  from  the  normal  and  thereby  causes  a  contracted 
section,  elliptical  in  the  case  of  circular  openings.  The  rate  of 
discharge  equals  the  product  of  this  contracted  section  and  the 
jet  velocity.  The  jet  velocity  being  the  same  for  all  openings, 
the  discharge  is  in  proportion  to  the  cross-sectional  area  of 
the  jet. 

If  the  area  of  the  openings  is  taken  as  F^  the  cross-sectional 
area  of  the  jet  issuing  at  an  angle  from  the  normal  is  approxi- 
mately i^cosa  where  a  is  the  angle  of  the  jet.  This  neglects 
natural  contraction.  Natural  contraction  with  rounded  edges, 
if  any,  is  small;  all  designers  consequently  use  rounded  edges. 
If  the  flow  takes  place  at  an  angle  through  an  orifice  with  rounded 
edges,  neglecting  contraction,  the  area  of  the  jet  will  be  some- 
what greater  than  F  cos  a.  The  author  assumes  that  the  natural 
additional  contraction  due  to  the  angular  flow  is  compensated  for 
by  the  increase  of  area.  The  drift  of  the  jet  at  the  entrance  to 
the  orifice  is  taken  as  a.  If  the  orifice  has  a  thickness  or  ap- 
proaches a  short  tube,  the  drift  from  it  will  be  smaller  than  a, 
as  the  sides  of  the  orifice  or  short  tube  tend  to  straighten  the  jet 
with  the  normal. 

velocity  of  approach 

velocity  of  the  jet 

The  quantity  of  water  discharged  from  like  openings  in  a 
horizontal  culvert  of  uniform  cross-section  is  obtained  as  follows : 

Let  q  =  quantity  discharged  through  any  opening 
Let  Q  =  quantity  flowing  past  opening  in  lateral 
Let  V  =  jet  velocity,  the  same  for  all  openings 


Then 


F^area  openings    ^  =  area  lateral    K=^  — 

A 


q^    ,    {Q^-qy 


^'  =  -,,,-f 


7/2    '  A 


2 


solving 


_  — g'  Q  '\'  V  {\  -\-  E})  F*  v"  —  E}  q" 
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For  the  last  opening  furthermost  from  entrance  of  lateral 

l/F^v*  (1  -f  iC*) 

substituting 


^'  i-\-K' 


-K'  ^  +  •  (1  -f  K'r  q,'  -  K'  g» 

Using  this  formula  and  calling  q^^  equal  to  100  per  cent,  the 
relative  discharge  can  be  easily  calculated  for  any  number  of 
openings  by  taking  the  successive  openings,  beginning  at  num- 
ber one  having  the  discharge  of  q^. 

Fig.  4  shows  the  relative  discharge  through  a  number  of  like 
openings  in  a  horizontal  culvert  for  various  values  of  K.  It 
will  be  noted  that  for  K  =  0.1  water  will  flow  through  only  17 
end  openings  and  will  pass  by  any  additional  number  of  openings 
between  opening  17  and  the  entrance  of  the  lateral.  For  K  =  0.2 
water  will  flow  through  only  10  openings. 

In  other  words,  when  the  velocity  in  the  lateral  equals  the 
jet  velocity  v  there  is  no  normal  velocity  component  to  cause  a 
discharge  through  the  opening,  also  when  the  total  cross-sectional 
Area  of  the  jets  equals  the  cross-sectional  area  of  the  lateral, 
flow  will  not  take  place  through  additional  openings. 

For  the  laterals  and  openings  as  shown  on  Fig.  2,  the  value 
of  Z^'O.S.  Consequently,  neglecting  friction,  the  discharges 
from  Fig.  4  are  as  follows : 

Ist  opening  100  per  cent. 

2nd       ''        89    *'      '* 

3rd       "        73    "      *' 

2nd       '*         51    "      ** 

l8t        *'        29    "      '* 

By  reference  to  Fig.  4  it  will  be  seen  that  the  presence  of 
additional  openings  of  like  size  would  result  in  a  very  small 
increase  in  total  lateral  discharge. 

Experiments  on  short  brass  tubes  with  various  numbers  and 
sizes  of  openings  confirm  the  theory  advanced. 

This  unequal  discharge  makes  it  difl5cult  to  keep  a  vessel 
caitral  in  the  locks  when  using  one  culvert  for  filling,  the  vessel 
being  forced  over  towards  the  wall  or  culvert  from  which  the 
filling  is  taking  place.  It  is  frequently  necessary  to  close  the  fill- 
ing valves  part  way  to  prevent  possible  damage  to  the  vessel. 
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If  there  is  a  quantity  of  salt  water  in  the  chamber  when  fill- 
ing begins,  the  tendency  to  force  the  vessel  toward  the  wall,  the 
culvert  of  which  is  being  used  for  the  filling,  is  especially  great. 


<0 
hi 

z 

^ 

o 

1 

<0 

/ 

-^ 

< 

/ 

lb 

i 

§ 

/ 

2 

/ 

/ 

h 
u 

m/ 

/ 

5 

1 

8 

\ 

I 

II 

X 

1^ 

I 

t 

J 

/ 

r 

I 
ft" 

0 

/ 

r 

) 

^ 

h 

6 

1 

< 

k 

/ 

/ 

/ 

hi 

d3C 

r 

/ 

/ 

/ 

V!) 

1 

0  -* 

»    "7 

/ 

y 

/ 

I 

<-* 

_i  r 

y 

/ 

^^ 

'^ 

/ 

u 

! 

/ 

y 

^ 

•» 

^ 

y' 

1 

> 

1 

■ 

j 

y 

/" 

^ 

^ 

^ 

/ 

-J 
ft: 

kJ  * 

1 

/ 

/ 

^ 

.-Jf^ 

3 

-^ 

1/ 

4 

'^ 

:::^ 

4^ 

"^ 

^ 

^ 

■ 

.  • 

iUi 

»HP*a 

'k  \ 

\    J 

t    j 

\     1 

\      \ 

( 

1 

1 

•< 
I     f 

\         ! 

I           0 

t  p 


• 


'X- 


•*  kk 

5 


4 


This  reason  is  that,  in  addition  to  the  normally  more  rapid  rise 
along  the  opposite  wall,  the  fresh  water  is  forced  to  the  top  with 
augmented  velocity  by  the  pressure  of  the  denser  salt  water. 
This  tendency  was  distinctly  demonstrated  during  the  up- 
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lockage  of  the  ** Santa  Clara"  through  the  Pacific  locks  on 
June  18th.  In  the  lower  chamber  at  Miraflores,  when  the  side- 
wall  culvert  was  being  used,  the  towing  locomotives  could  not 
hold  the  vessel  away  from  the  side  wall.  In  the  upper  chamber, 
where  the  water  was  comparatively  fresh,  this  trouble  was  not 
experienced  to  such  a  great  extent,  and  the  locomotives  were 
able  to  keep  the  vessel  central  in  the  lock.  At  Pedro  Miguel, 
both  culverts  were  used  and  the  vessel  remained  in  the  center 
of  the  chamber  with  hardly  any  effort.  All  merchant  vessels  are 
required  to  have  their  sides  clear  before  passage  through  the 
Canal,  so  that  they  can  rub  against  the  lock  walls  without 
injury. 

RECOMMENDATIONS  FOR  DESIGN  OF  LATERAL  CULVERTS  AND 

THEIR  OPENINGS. 

When  emptying  a  lock  the  water  is  drawn  into  the  openings 
from  ail  directions,  and  there  is  no  contraction  at  the  openings 
as  in  the  case  of  filling  the  locks.  Any  contraction  in  the  lateral 
caused  by  the  impact  with  the  inflow  from  the  openings  acts  the 
same  as  friction  in  the  lateral,  and  the  tendency  is  therefore  for 
maximum  discharge  through  the  openings  nearest  the  culvert 
entrance.  An  attempt  therefore  to  obtain  uniform  distribution 
for  filling  by  varying  the  size  of  openings  would  result  in  a  worse 
distribution  for  emptying,  and  the  method  is  therefore  unde- 
sirable. 

The  distribution  for  filling  could  be  made  uniform  by  having 
a  tapering  culvert,  so  as  to  have  a  like  velocity  of  approach  for 
like  openings.  This  probably  would  not  have  any  serious  effect 
on  the  distribution  for  emptying. 

If,  from  a  construction  standpoint,  it  is  thought  advisable  to 
make  the  laterals  of  uniform  cross-sectional  area,  and  to  have 
them  connect  to  the  culvert  in  a  similar  manner  to  those  of  the 
Panama  Canal,  the  value  of  K  should  be  chosen  small  enough  to 
obtain  a  reasonably  good  distribution,  or  a  small  number  of 
openings  used.  For  the  Panama  Canal  locks,  and  using  five 
openings,  K  should  be  no  greater  than  0.1. 

The  ideal  design,  and  the  one  that  would  automatically  cen- 
ter vessels  in  either  up  or  down-lockages,  is  to  connect  the  main 
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culvert  to  the  middle  of  the  lateral  culvert  instead  of  to  one  end, 
so  that  the  water  flowing  into  the  lateral  would  branch  oflE  in 
both  directions.  When  filling  the  locks,  the  maximum  discharge 
would  then  occur  through  both  end  openings,  and  would  decrease 
through  successive  openings  with  approach  to  the  center  line  of 
the  locks.  The  inclination  of  the  jets  would  likely  be  beneficial 
rather  than  harmful,  and,  when  emptying,  the  water  would  be 
drawn  at  the  maximum  rate  through  the  openings  nearest  the 
center  line  of  the  lock,  which  would  also  tend  to  hold  the  vessel 
central. 

FRICTION  LOSSES. 

In  order  to  determine  friction  losses  in  the  valves  and  cul- 
verts, the  valves  in  the  east  culvert  of  Pedro  Miguel  lock  were 
opened  wide,  allowing  full  discharge  through  the  culvert  from 
Gaillard  Cut,  with  the  surface  of  water  at  84.8  ft.  (25.85  m.),  to 
Miraflores  Lake,  then  at  elevation  52  ft.  (15.85  m.).  The  rate 
of  discharge  through  the  culvert  was  found  to  be  7660  cu.  ft. 
(217  cu.  m.)  per  second. 

The  elevation  of  the  water  after  equilibrium  was  reached  as 
obtained  at  several  points  was  as  follows:     (See  Fig.  5.) 


Point  (1 
(2 
(3 
(4 
(5 

(6 
(7 


Feet  Meters 

Elevation  Gatun  Lake  at  Gamboa    84.8  (25.85) 

Elevation  Gatun  Lake  at  lock   forebay..  83.9  (25.59) 

In  guard  valve  shaft 76.6  (23.35) 

In  culvert  shaft  under  dam 72.1  (21.98) 

In  350-ft.  lock , 63.5  (19.36) 

In  550-ft.  lock 57.6  (17.56) 

In  Miraflores  Lake 52.0  (15.85) 


The   potential  heads,   or   heads   above   datum   52   are    as 
follows : 

Point  (1)     Gatun  Lake  at  Gamboa    32.8  (10.00) 

(2)  Gatun  Lake  at  lock    31.9  (  9.74) 

(3)  In  guard  valve  shaft 24.6  (  7.50) 

(4)  In  culvert  shaft  under  dam 20.1  (  6.13) 

(5)  In  350-ft.  lock  11.5  (  3.51) 

(6)  In  550-ft.  lock  5.6  (  1.71) 

Neglecting    currents    in    the    lock   sections,    the    velocities 
through  the  culvert  at  different  points  obtained  by  dividing 
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the  full  discharge  by  the  various  eross-sectional  areas  are  as 

follows : 

Feet  Meters 

Per  Sec.  Per  Sec. 

Through  guard  valve  and  screens 17.7         (5.41) 

Through  upper  culvert  23.0         (7.02) 

Through  rising-stem  valves  - 26.6         (8.11) 

Through  main  culvert  30.0         (9.15) 


Fig.  6. 
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The  corresponding  velocity  heads  found  from  the  formula 
IT-  are  as  follows : 

Feet  Meters 

Through  guard  valves  4.9  (1-49) 

Through  upper  culvert  8.2  (2.50) 

Through  rising-stem   valves   11.0  (3.36) 

Through  main  culvert  14.0  (4.27) 

The  total  heads  or  potential  plus  velocity  heads  as  obtained 
by  addition  are: 

Feet  Meters 

Point  (1)     Gatun  initial  lake-level  head  at  Gamboa  32.8  (10.00) 

'*      (2)     Gatun  Lake  at  locks 31.9  (  9.73) 

"      (3)     At  guard  valves  and  screens 29.5  (  8.99) 

*'      (4)     At  culvert  shaft  28.3  (  8.63) 

*'      (5)     At  culvert  for  350-ft.  lock 25.5  (  7.78) 

''      (6)     At  ciUvert  for  550-ft.  lock 19.6  (  5.98) 

*'      (7)     Outlet  14.0  (  4.27) 

The  friction  losses  for  the  various  culvert  sections  are 
obtained  by  subtraction  between  the  above  and  are  as  follows : 

Loss 

Head 

Feet 

Between  (1)  and  (2).  Thru  channel  in  Gail- 
lard  Cut  0.9 

Between  (2)  and  (3).     Thru  screens,  intake 

and  guard  valves 2.4 

Between  (3)  and  (4).     Thru  upper  culvert....     1.2 

Between  (4)  and  (5).  Thru  rising-stem 
valves  No.  314  and  No.  315  and  connect- 
ing culvert 2.8         (0.86)  8.6 

Between  (5)  and  (6).  Thru  rising-stem 
valve  No.  320  and  No.  321  and  connect- 
ing culvert  5.9         (1.80)         18.0 

Between  (6)  and  (7).  Thru  rising-stem 
valves  No.  326  and  No.  327  and  No.  332 
and  No.  333  and  connecting  culvert 5.6         (1.71)         17.1 

Lost  in  discharge  14.0         (4.27)         42.7 

These  values  are  plotted  in  Fig.  6,  and  it  is  shown  that  the 
total-head  curve  is  practically  a  straight  line  which  changes  its 
slope  only  with  change  of  culvert  cross-sectional  area,  excepting 
a  sudden  drop  due  to  the  intake.  The  presence  or  number  of 
valves  had  no  eflEect  on  the  friction  losses,  showing  that  the  fric- 


Loss 
Head 
Met. 

Per- 
cent 
Total 

(0.27) 

2.7 

(0.73) 
(0.36) 

7.3 
3.6 
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tion  in  the  valves  is  a  negligible  amount  when  the  valves  are 
fully  opened. 

Using  the  formula  H  ==  .      — 

I  is  the  length  of  culvert 

.    ^,     ,     ,       ,.         -.  -  .  ,  ,     cross-sectional  area 

r  18  the  hydraulic  radius  and  is  equal  to -. — : 

perimeter 

f  is  the  coefficient  of  friction 
^    is  the  velocity  head 
and  H  is  the  head  loss  due  to  skin  friction. 

Fig.  6  shows  that  in  1000  ft.  (304.8  ra.)  of  culvert  having 
an  area  of  255  sq.  ft.  (23.7  sq.  m.),  and  diameter  of  18  ft.  (5.49 
m.),  the  friction  loss  H  was  10  ft.  (3.05  m.)  for  a  velocity  of  30 
ft.  (9.15  m.)  per  second.    .'./-=  0.0128. 

For  250  ft.  (76.2  m.)  of  upper  culvert,  having  an  area  of 
333  sq.  ft.  (30.9  sq.  ft.)  the  friction  loss  H  was  1.1  feet  (0.336  m.) 
for  a  velocity  of  23  ft.  (7.02  m.)  per  second.    •  •  /  =«  0.011. 

Mr.  Mansfield  Merriman,  in  his  treatise  on  hydraulics,  gives 
a  very  complete  tabulation  of  the  value  of  /  for  velocities  up  to  15 
ft.  per  second  for  clean  iron  pipes  up  to  6  ft.  in  diameter,  with 
which  the  coefficients  determined  compare  very  favorably.  This 
is  not  surprising,  as  the  walls  of  the  culverts  are  made  smooth  by 
the  action  of  the  water.  From  the  tabulation,  the  value  of  / 
decreases  with  increase  of  velocity  and  diameter;  the  variation 
of  /  is  however  small  for  large-size  pipes  with  large  velocities. 
For  the  lateral  culverts  having  an  area  of  40.9  sq.  ft.  (3.8  sq.  m.), 
it  appears  that  a  coefficient  of  /  =  0.015  is  about  correct,  the  value 
being  obtained  by  deduction,  using  the  principle  of  variation 
shown  in  the  tables  mentioned. 

Figs.  7  and  8  show  the  design  of  the  intakes  for  the  side  and 
center  walls.  The  intake  losses  for  the  side  walls  form  7.3 
percent  of  the  total  head.  Special  tests  were  made  to  determine 
the  intake  losses  for  the  center  wall,  observations  being  taken 
while  filling  the  chamber  at  the  manhole  between  valves  Nos. 
312  and  313  and  Nos.  316  and  317.  These  observations  are  as 
follows : 
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The  total  head  without  friction  should  be  32.7  ft.  (9.98  m.). 
The  friction  losses  for  maximum  flow  are  therefore  about  0.8  ft. 
(0.25  m.),  or  approximately  2.5  percent.  The  loss  is  less  than 
for  the  side-culvert  intake,  as  it  was  measured  while  drawing  in 
water  from  both  sides  of  the  center  wall,  there  being  no  regulat- 
ing valves  installed. 

DISCHARGE  THROUGH  OPENINGS  OF  LATERAL  CULVERTS  COR- 
RECTED FOR  FRICTION  LOSSES. 

The  perimeter  of  the  lateral  culverts  at  the  40.9  sq.  ft.  (3.8 
sq.  m.)  area  section  is  22.86  ft.  (6.98  m.).  The  hydraulic  radius 
is  therefore  1.79  ft.  (0.545  m.).  The  coefficient  of  skin  friction  is 
taken  as  0.015.  The  loss  of  head  for  a  length  {  of  culvert  and  a 
velocity  v  is  formulated. 

__  0.015    ,  r«  „     ,.  ,         ^ 

*  =  "T — fTQ  I K-  ^^^  Engbsh  system. 

l—  for  metric  system. 


4  z  0.545     2g 

The  discharge  through  any  particular  opening  results  in  a 
change  of  velocity  in  the  lateral  and  a  consequent  loss  of  head  as 
expressed  by  Borda's  formula 

in  which  Vq  is  velocity  before  reaching  opening  and  Vb  is  velocity 
past  opening.  If  the  discharge  through  the  opening  is  q  cu.  ft. 
or  meters  per  second,  then 

'-(1)7, 

In  calculating  this  loss  in  the  following,  it  has  been  found  that  a 
negligible  error  results  in  assuming  q  equal  to  its  theoretical 
value  without  friction  as  previously  determined. 

A  considerable  loss  must  result  due  to  deflection  of  the 
water  through  the  openings.  This  loss  is  assumed  as  25  per- 
cent of  the  jet  velocity  head,  in  absence  of  data  on  the  subject. 
Any  reasonable  assumed  loss  from  20  percent  to  30  percent  has 
no  appreciable  effect  on  the  relative  amount  of  discharge  through 
the  openings  of  the  lateral  culvert  in  question. 


^M 
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The  relation  between  the  quantity  q  discharged  through  any 
opening,  the  quantity  Q  flowing  past  the  opening  in  the  lateral, 
and  the  jet  velocity  is  expressed  by  the  formula  previously 
derived : 


1/  (1  -f  iC=^)  2^^  v^  -  K^Q'  —  K*Q 

in  which  if  =  0.3  and  2?^==  12.23  sq.  ft.  (1.137  sq.  m.). 

Numbering  the  openings  from  1  to  5,  as  before,  commencing 
with  opening  No.  1  most  distant  from  the  entrance  to  the  lateral — 

Let  ^,  =  250  cu.  ft.  (7.08  cu.  m.)  per  second 
Then  Vi  =  21.3  ft.  (6.50  m.)  per  second 


v' 


l-=7.07  ft.  (2.155  m.) 


2g 

Hi  =  l,77  ft.  (0.541  m.)  loss  at  opening 

^^  =  0.02  ft.  (0.0061  m.)  loss  account  skin  friction  between 

openings  1  and  2 

^,  =  0.46  ft.  (0.1402  m.)  loss  due  to  change  of  velocity  account 

discharge  at  opening  No.  2 

Total  head  at  2nd  opening— 9.32  ft.  (2.84  m.) 

-^-^1=7.45  ft.  (2.27  m.) 
2g 

i;j  =  21.9  ft.  (6.68  m.)  per  second 

^,  =  226  cu.  ft.  (6.40  cu.  m.)  per  second^  or  90.5%  of  ^1 

ffj^O.08  ft.  (0.0244  m.)  loss  account  skin  friction  between 

openings  2  and  3 

jgr,^0.31  ft.  (0.0947  m.)  loss  due  to  change  of  velocity 

account  discharge  at  opening  No.  3 


Total  head  at  3rd  opening— 9.71  ft.  (2.96  m.) 

7.77  ft.  (2.37  m.) 


V,' 


2g 

i;3  =  22.3  ft.  (6.81  m.)  per  second 

^,  =  189  cu.  ft.  (5.35  cu.  m.)  per  second,  or  76%  of  ^i 

jjj=s0.16  ft.  (0.0488  m.)  loss  account  skin  friction  between 

openings  3  and  4 

^5  =  0.15  ft.  (0.0458  m.)  loss  due  to  change  of  velocity  at  opening 

No.  4 


Total  head  at  4th  opening— 10.02  ft.  (3.055  m.) 

=  8.04  ft.  (2.45  m.) 


V,' 


'2g 

v^  =  22.7  ft.  (6.94  m.)  per  second 

^4=140  cu.  ft.  (3.96  cu.  m.)  per  second,  or  56%  of  q^ 

Hi  =  0.23  ft.  (0.0702  m.)  loss  account  skin  friction  between 

openings  3  and  5 

Hj  =  0.05  ft.  (0.0152  m.)  loss  due  to  change  of  velocity 

account  of  discharge  at  opening  No.  5 


^ 
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Total  head  at  5th  opening— 10.30  ft.  (3.14  m.) 

-^=8.25  ft.  (2.52  m.) 

i;5^23.0  ft.  (7.02  m.)  per  second 

^,  =  88  cu.  ft.  (2.59  cu.  m.)  per  second,  or  35%  of  ^i 

Friction  losses  between  opening  No.  5  and  main 

culvert,  skin  friction 0.78  ft.  (0.238  m.) 

♦Estimated  losses  due  to  90°  turn,  16% 1.18  ft.  (0.360  m.) 

Total  head  on  lateral  without  entrance  losses 12.26  ft.  (3.74  m.) 

Total  discharge  through  lateral 893  cu.  ft.  (25.38  cu.  m.) 

The  total  head  on  lateral  without  entrance  losses  is  called 
the  effective  head,  in  the  absence  of  a  better  name;  where  h  is 
this  head  the  total  discharge,  called  q,  is  formulated 

in  which,  from  above 

C  =  77.7% 

The  discharge  through  the  openings,  allowing  for  friction, 
compared  to  those  obtained  without  such  allowance  are — 

With  Assuming  no 

Friction  Friction 

Opening  No.  1 100%  100% 

*'          '*    2 90.5%  89% 

'*          ''    3 76%  73% 

'*          "     4 56%  51% 

'*          '*    5 35%  29% 

The  total  eflEective  area  of  the  five  openings  is  40.1  sq.  ft. 
(3.72  sq.  m.),  which  is  slightly  less  than  the  area  of  the  lateral, 
or  40.9  sq.  ft.  (3.80  sq.  m.). 

TOTAL  DISCHARGE   THROUGH  LATERAL  CULVERTS  WHILE 

FILLING  LOCKS. 

With  a  negligible  velocity  of  approach,  the  coeflScient  of 
contraction  for  a  sharp-edged  circular  orifice  is  0.61.  If  a  tube  of 
the  same  cross-sectional  area  is  substituted  for  the  orifice,  and 
the  length  of  the  tube  is  sufficient  for  the  contracted  section  to 
expand  and  fill  it,  the  coeflBcient  of  discharge  for  the  tube  is  0.82. 
The  coeflBcient  of  contraction  at  the  entrance  to  the  tube  is,  how- 
ever, the  same  as  for  an  orifice,  or  0.61.    The  increased  discharge 


*  See  Church's  Mechanics,  page  728,  3904  edition,  Bends  in  pipes  of 
circular  section,  friction  losses. 
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of  the  tube  over  the  orifice  is  due  to  the  presence  of  a  partial 
vacuum  at  the  section  of  contraction.  With  no  losses,  the  coef- 
ficient for  the  tube  would  be  unity.  There  is,  however,  an 
entrance  loss  and  a  loss  when  the  contracted-section  velocity 
changes  to  the  velocity  for  the  full  tube.  This  latter  loss  is 
expressed  by  Borda's  formula  and  is 

in  which  H  is  the  head  loss,  Va  velocity  at  section  of  contraction, 
and  vt  velocity  for  full  tube. 

In  filling  the  locks  with  the  side-wall  culvert,  the  lateral 
farthest  upstream  discharges  first,  the  discharge  being  noticeable 
about  30  seconds  after  the  first  motion  of  the  valves.  The  laterals 
progressing  down  the  lock  discharge  one  after  another  with 
very  short  intervals,  the  lateral  at  the  lower  end  of  the  lock  dis- 
charging last  of  all.  After  flow  is  established  through  all  later- 
als, the  discharge  through  the  last  four  downstream  laterals  is 
noticeably  greater  than  through  the  remaining  laterals,  which 
show  decreasing  discharges  with  approach  to  the  filling  valves. 
At  some  instant  during  the  filling,  one  of  the  downstream  later- 
als may  appear  to  give  a  slightly  greater  discharge  than  the 
others,  but  it  will  not  always  be  the  same  lateral. 

With  culvert  friction  the  only  consideration,  the  discharge 
through  the  laterals  nearest  the  filling  valves  should  be  greater 
than  through  the  laterals  downstream. 

If  the  discharge  through  the  last  lateral  downstream  is  taken 
as  900  cu.  ft.  (25.5  cu.  m.)  per  second,  and  the  head  at  the 
lateral  entrance  as  13.2  ft.  (4.02  m.),  and  this  discharge  is 
assumed  with  an  initial  32  ft.  (9.76  m.)  head,  the  head  at  the 
entrance  to  the  lateral  nearest  the  filling  valve  will  be  greater 
than  20  ft.  (6.1  m.),  which  would  cause  a  much  greater  dis- 
charge through  this  lateral  if  there  were  no  other  factors 
involved. 

The  comparison  between  the  tube  and  the  orifice  gives  the 
explanation  of  the  results  obtained.  Contraction  occurs  at  the 
entrance  to  the  laterals  due  to  the  angular  flow  into  their 
entrances  caused  by  the  velocity  of  approach.  A  loss  of  head 
occurs  when  the  velocity  is  changed  from  that  at  the  section  of 
contraction  to  where  the  lateral  entrance  is  fully  filled.    If  the 
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area  of  the  contracted  section  is  assumed  the  same  for  the  lateral 
culverts  as  for  their  openings,  then  the  loss  of  head  is 

^  =  F-(— -iV 

2  g  \C08  a        / 

where  v  is  the  velocity  for  full  lateral  flow  and  a  is  the  angle  of 
drift. 

If  ^^  total  discliarge  through  the  lateral 

Q  =  quantity  flowing  past  lateral  in  main  culvert 
F  =  B.rea.  lateral  entrance 
-4  =  area  of  main  culvert 
a  =  angle  of  drift 

The„ta.a  =  J(«±i) 

Also  v^=  ^ 
F 

This  loss  tends  to  make  the  discharge  through  the  down- 
stream laterals  greatest,  while  friction  losses  in  the  main  culvert 
tend  to  make  the  discharge  through  the  upstream  laterals  great- 
est. Due  to  the  large  magnitude  of  these  two  factors,  results,  to 
be  of  any  value,  must  take  cognizance  of  both. 

An  arithmetical  analysis  is  made  in  the  following,  in  which 
the  discharge  through  the  various  lateral  culverts  is  computed, 
and  all  friction  losses  allowed  for  according  to  the  formulae 
given,  for  the  side-wall  culvert.  The  analysis  of  the  lateral  cul- 
verts and  openings  is  used  as  a  basis ;  as  in  the  case  of  the  lateral- 
culvert  openings,  the  friction  due  to  the  deflection  of  the  water 
into  the  lateral  is  taken  as  25%  of  the  velocity  head  at  the  sec- 

0  25  t'* 

tion  of  greatest  contraction,  or  „       t  ' 

°  '         2g  cos  a 

The  area  of  the  lateral-culvert  entrance,  F,  is  55  sq.  ft. 
(5.11  sq.  m.).  It  is  assumed  that  full  expansion  takes  place  in 
the  length  of  lateral  having  this  area.  The  area  of  the  main 
culvert.  A,  is  255  sq.  ft.  (23.7  sq.  m.). 

If  q  is  the  discharge  through  any  lateral,  then  the  loss  of 

head  due  to  change  of  velocity  in  the  main  culvert  is  1-^  I  r^ , 

The  loss  due  to  skin  friction  for  a  length  I  of  culvert  of 

diameter  d,  as  previously  determined,  is  ^=='j  o-  ^^  which  /  = 

0.013  for  the  main  culvert. 

In  making  the  following  analysis  for  the  side-wall  culvert, 
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the  "cut  and  try'*  method  has  been  used,  it  having  been  found 
that  the  value  of  the  discharge  can  be  easily  determined  in  about 
two  trials. 

The  laterals  have  been  numbered  from  1  to  11  inclusive, 
progressing  downstream.  On  the  downstream  side  of  the  11th 
lateral,  as  previously  mentioned,  there  is  an  opening  leading  from 
the  chamber  to  the  culvert,  having  an  area  of  about  20  sq.  ft. 
(1.86  sq.  m.).  There  is  also  a  separate  lateral  feeding  the  11,000 
sq.  ft.  (1023  sq.  m.)  space  between  the  lower  safety  and  operat- 
ing gates.  The  quantity  flowing  past  the  11th  lateral  for  the 
purpose  of  caring  for  these  has  been  taken  as  1300  cu.  ft.  (36.8 
cu.  m.)  per  second.  The  calculations  are  based  on  a  total  dis- 
charge of  900  cu.  ft.  (25.5  cu.  m.)  per  second  through  lateral 

No.  11. 
Lateral  No.  11 

Quantity  flowing  past  lateral  in  main  culvert  ^  1300  cu.  ft.  (36.8  cu.  m.) 

per  sec. 
Take  discharge  through  lateral  as  900  cu.  ft.  (25.5  cu.  m.)  per  sec. 
tan  a  =  0.527  0  =  27**  47'  cos  a  =  0.885 

I 1 1  is  negligible ;  hence  no  loss  occurs  due  to  sudden  expansion. 

Velocity  in  section  of  contraction  =  18.5  feet  (5.64  m.)  per  second. 

25%  entrance-velocity  head  loss  ^1.33  ft.  (0.406  m.) 

Effective  head  on  lateral  =  12.4  ft.   (3.78  m.),  from  data  previously 

given. 

Total  head  in  main  culvert  at  lateral  No.  11  =  13.73  ft.  (4.19  m.) 

lAteral  No.  10 

Quantity   flowing  past   lateral   in   main   culvert  =  2200   cu.    ft.    (62.3 
cu.  m.)  per  sec. 

Skin  friction  between  laterals  10  and  11  =  0.06  ft.  (.0183  m.) 

Loss  due  to  change  of  velocity  at  lateral  10  =  0.190  ft.  (0.058  m.) 

[Assume  g„=890  cu.  ft.  (25.2  cu.  m.)  per  sec] 

Total  head  at  lateral  11  =  13.73  ft.  (4.19  m.) 

Total  head  at  lateral  10  =  13.980  ft.   (4.266  m.) 

tan  0  =  0.747  0  =  36**  46'  cos  a  =  0.801 


(~ lV=6.1% 

\coea       / 


25%  entrance-velocity  head  loss  =  1.590  ft.  (0.485  m.) 
Loss  due  to  expansion  6.1%  =  0.249  ft.  (0.076  m.) 
Effective  head  on  lateral  =  12.14  ft.  (3.705  m.) 
Discharge  =  890  cu.  ft.  (25.2  cu.  m.)  per  sec,  or  99%  of  ^„. 
Iiateral  No.  9 

Quantity   flowing   past   lateral   in   main   culvert  =- 3090   cu.    ft.    (87.5 
cu.  m.)  per  sec. 
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Skin  friction  between  laterals  9  and  10  =  0.119  ft.  (0.0363  m.) 
Loss  due  to  change  of  velocity  at  lateral  9  =  0.184  ft.  (0.0562  m.) 

[Assume  g»=875  cu.  ft.  (24.75  cu.  m.)  per  sec] 
Total  head  at  lateral  10  =  13.980  ft.   (4.266  m.) 
Total  head  at  lateral  9  =  14.283  ft.  (4.358  m.) 

tan  a  =  0.975  o  =  44*'  17'  cos  a  =  0.7159 

(_L  _  A  =  15.. 

\C08  a  / 

25%  entrance-velocity  head  loss  =  1.92  ft.  (0.586  m.) 
Loss  due  to  expansion  15.6%  =  0.615  ft.   (0.1875  m.) 
EflFective  head  on  lateral  =  11.748  ft.   (3.585  m.) 

g,  =  875  cu.  ft.  per  sec.  (24.75  cu.  m.),  or  97.2%  of  g„. 

Lateral  No.  8 

Quantity  flowing  past  lateral  in  main  culvert  =3965  cu.  ft.   (112.25 

cu.  m.)  per  sec. 
Skin  friction  between  laterals  8  and  9  =  0.196  ft.  (0.0598  m.) 
Loss  due  to  change  of  velocity  at  lateral  8  =  0.173  ft.  (0.0528  m.) 

[Assume  g«  =  850  cu.  ft.  (24.05  cu.  m.)  per  sec] 
Total  head  at  lateral  9=14.283  ft.  (4.358  m.) 
Total  head  at  lateral  8  =  14.652  ft.  (4.470  m.) 

tan  a  =  1.218  a  =  50°  37'  cos  a  =  0.6345 


(-   -0'= 

\COS  a         / 


33% 


25%  entrance-velocity  head  loss  =  2.32  ft.   (0.708  m.) 
Loss  due  to  expansion  33%  =  1.226  ft.  (0.374  m.) 
Effective  head  on  lateral  =  11.106  ft.  (3.388  m.) 

^.  =  850  cu.  ft.  (24.05  cu.  m.)  per  second,  or  94.5%  of  5,,. 

Lateral  No.  7 

Quantity  flowing   past  lateral   in  main  culvert  =  4815   cu.   ft.    (1.HC.3 

cu.  m.)  per  sec. 
Skin  friction  between  laterals  7  and  8  =  0.289  ft.  (0.088  m.) 
Loss  due  to  change  of  velocity  at  lateral  7  =  0.159  ft.  (0.0485  m.) 

[Assume  g,  =  815  cu.  ft.  (23.1  cu.  m.)  per  sec] 
Total  head  at  lateral  8  =  14.652  ft.  (4.470  m.) 
Total  head  at  lateral  7  =  15.100  ft.  (4.606  m.) 

tan  a  =1.485  a  =  56'  3'  cos  a  =  0.5585 


(— 1  V  =  62.5% 

\C08  a         / 


25%  entrance-velocity  head  loss  =:  2.76  ft.  (0.842  m.) 
Loss  due  to  expansion  62.5%  =  2.13  ft.  (0.650  m.) 
EflFective  head  on  lateral  =  10.21  ft.  (3.114  m.) 

g,  =  815  cu.  ft.  (23.1  cu.  m.)  per  sec,  or  90.6%  of  q^. 

Lateral  No.  6 

Quantity  flowing  past  lateral  in  main  culvert  =  5630  cu.  ft.  ( 159.4  cu. 

m.)  per  sec. 
Skin  friction  between  laterals  6  and  7  =  0.395  ft.   (0.1205  m.) 
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Loss  due  to  change  of  velocity  at  lateral  6  =  0.142  ft.  (0.0433  m.) 

[Assume  g,  =  770  cu.  ft.  (21.8  cu.  m.)  per  sec.] 
Total  head  at  lateral  7  =  15.100  ft.  (4.606  m.) 
Total  head  at  lateral  6  =  15.637  ft.  (4.770  m.) 

tan  a  =  1.788  a  =  60''  47'  cos  o  =  0.4881 


(— iV  =  110% 

\C08  0  / 


25%  entrance-velocitj  head  loss  =  3.21  ft.  (0.979  m.) 

Loss  due  to  expansion  110%  =3.36  ft.  (1.025  m.) 

Effective  head  on  lateral  =  9.067  ft.  (2.766  m.) 

g,  =  769,  approz.  770  cu.  ft.  (21.8  cu.  m.)  per  sec.,  or  85.5%  of  q^. 

lAteral  No.  6 

Quantity  flowing  past  lateral  in  main  culvert  =  6400   cu.  ft.    (181.2 

cu.  m.)  per  sec. 
Skin  friction  between  laterals  5  and  6  =  0.511  ft.  (0.156  m.) 
Loss  due  to  change  of  velocity  at  lateral  5  =  0.119  ft.  (0.0363  m.) 

[Assume  ^,  =  705  cu.  ft.  (19.9  cu.  m.)  per  sec] 
Total  head  at  lateral  6  =  15.637  ft.  (4.770  m.) 
Total  head  at  lateral  5  =  16.267  ft.   (4.962  m.) 

tan  a  =  2.17  a  =  65*»  16'  cos  a  =  0.4184 


(— — iy=i94% 

\C08a         / 


25%  entrance-velocity  head  loss  =  3.67  ft.  (1.119  m.) 
Loss  due  to  expansion  194%  =4.96  ft.  (1.513  m.) 
Effective  head  on  lateral  =7.637  ft.  (2.330  m.) 

^5  =  705  cu.  ft.  (19.9  cu.  m.)  per  sec,  or  78.4%  of  Qn. 

lAteral  No.  4 

Quantity  flowing  past  lateral  in  main   culvert  =  7105  cu.   ft.    (201.1 

cu.  m.)  per  sec 
Skin  friction  between  laterals  4  and  5  =  1.40  ft.   (0.427  m.) 
Loss  due  to  change  of  velocity  at  lateral  4  =  0.109  ft.  (0.0332  m.) 

[Assume  ^4  =  675  cu.  ft.  (19.1  cu.  m.)  per  sec] 
Total  head  at  lateral  5  =  16.267  ft.   (4.962  m.) 
Total  head  at  lateral  4=  17.776  ft.  (5.422  m.) 

tan  a  =  2.48  0  =  68*"  2'  cos  a  =  0.3741 


(— lV  =  282% 

\coeo        / 


25%  entrance-velocity  head  loss  =  4.21  ft.  (1.284  m.) 

Loss  due  to  expansion  282%  =  6.62  ft.   (2.019  m.) 

Effective  head  on  lateral  =  6.946  ft.   (2.119  m.) 

^4  =  672,  approx.  675  cu.  ft.  (19.1  cu.  m.)  per  sec,  or  74.6%  of  gu. 

Iiateral  No.  3 

Quantity  flowing  past  lateral  in  main  culvert  ==  7780   cu.   ft.    (220.2 

cu.  m.)  per  sec 
Skin  friction  between  laterals  3  and  4  =  0.681  ft.  (0.208  m.) 
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Loss  due  to  change  of  velocity  at  lateral  3  =  0.078  ft.  (0.0238  m.) 

[Assume  g.T  =  570  cu.  ft.  (16.1  cu.  m.)  per  sec] 
Total  head  at  lateral  4  =  17.776  ft.  (5.422  m.) 
Total  head  at  lateral  3  =  18.535  ft.  (5.654  m.) 

tan  o  =  3.15  a  =  72*  23'  cos  a  =  0.3026 

(— l)'  =  534% 

^C08  O  ' 

25%  entrance-velocity  head  loss  =  4.60  ft.  (1.403  m.) 
Loss  due  to  expansion  534%  =  8.94  ft.  (2.727  m.) 
Effective  head  on  lateral  =  4.995  ft.  (1.524  m.) 

^3  =  570  cu.  ft.  (16.1  cu.  m.)  per  sec,  or  63.3%  of  q^x- 

Lateral  No.  2 

Quantity  flowing  past  lateral  in   main   culvert  =  8350   cu.   ft.    (236.3 

cu.  m.)  per  sec. 
Skin  friction  between  laterals  2  and  3  =  0.785  ft.  (0.240  m.) 
Loss  due  to  change  of  velocity  at  lateral  2  =  0.046  ft.  (0.014  m.) 

[Assume  ^^3  =  440  cu.  ft.  (12.4  cu.  m.)  per  sec] 
Total  head  at  lateral  3  =  18.535  ft.  (5.654  m.) 
Total  head  at  lateral  2  =  19.366  ft.  (5.908  m.) 

tan  o  =  4.29  0  =  76*  53'  cos  a  =  0.2269 

(_  J l)*=1160% 

25%  entrance-velocity  head  loss  ^4.84  ft.  (1.476  m.) 

Loss  due  to  expansion  1160%  =  11.58  ft.  (3.322  m.) 

Effective  head  on  lateral  =  2.946  ft.  (0.910  m.) 

^j  =  438,  approx.  440  cu.  ft.  (12.4  cu.  m.)  per  sec,  or  49%  of  q^i- 

Lateral  No.  1 

Quantity  flowing  past  lateral   in  main  culvert  ^8790   cu.   ft.    (248.7 

cu.  m.)  per  sec. 
Skin  friction  between  laterals  1  and  2  =  0.87  ft.  (0.265  m.) 
Loss  due  to  change  of  velocity  at  lateral  1  =  0.00  ft.  (0.000  m.) 

(Assume  q^  is  negligible.) 
Total  head  at  hiteral  2  =  19.366  ft.   (5.908  m.) 
Total  head  at  lateral  1  =  20.236  ft.  (6.173  m.) 

In  this  case,  regardless  of  the  value  assumed  for  g^,  the 
entrance  losses  plus  the  expansion  losses  based  on  that  value  are 
so  large  that  when  they  are  subtracted  from  the  total  head  there 
is  not  a  sufficient  value  of  the  effective  head  remaining  to  cause 
the  assumed  amount  of  flow.  For  small  assumed  values  of  g^,  the 
losses  exceed  the  total  head  at  the  lateral.  Theoretically,  there- 
fore, a  steady  discharge  through  the  lateral  is  impossible.  Prom 
actual  observations,  at  times  the  water  surface  shows  no  sign  of 
discharge,  and  again  a  very  small  discharge  from  one  or  two  of 
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the  openings  (the  observations  being  taken  after  flow  is  estab- 
lished through  all  laterals).  The  discharge  through  the  lateral  is 
therefore  assumed  as  zero.  Under  abnormal  conditions,  with 
about  a  foot  of  water  in  the  lock  and  the  leakage  from  the  upper 
valves  flowing  into  the  chamber,  a  suction  has  been  noted  in  this 
lateral,  while  a  discharge  occurred  from  the  remaining  laterals. 

Totals 

Total  diseharge,  all  laterals  =  8790  cu.  ft.  (248.7  eu.  m.)  per  second. 

Total  head  at  lateral  1  =  20.236  ft.  (6.173  m.) 

Observed  friction  losses  between  intake  and  first  lateral  with  7660  cu.  ft. 

(217  oil.  m.)   per  sec.  discharge,  approximately  6  ft.   (1.83  m.) 

(See  Fig.  7) 
These  losses,  with  above  discharge  =  7.88  ft.   (2.403  m.) 
Total  head   for  above   flow  =  28.116   ft.,   or   approximately   28.1    ft. 

(8.58  m.) 

A  total  discharge  of  8790  cu.  ft.  (248.7  cu.  m.)  per  second 
would  cause  a  change  of  levels  in  the  900-ft.  (274  m.)  lock  at 
the  rate  of  approximately  4.3  ft.  (1.31  m.)  per  minute,  which 
checks  with  actual  observations  for  this  head.  Repeated  obser- 
vations of  the  action  of  the  water  indicate  the  correctness  of  the 
distribution  shown  after  flow  is  established. 

RECOMMENDATION  FOR  TOTAL  LATERAL  CULVERT 

DISTRIBUTION. 

The  analysis  for  the  total  discharge  through  the  lateral  cul- 
verts gives  the  explanation  for  the  water  discharging  at  maxi- 
mum rate  through  the  downstream  laterals.  This  unequal  dis- 
charge results  in  a  tendency  for  the  vessel  to  drift  towards  the 
upper  gates  when  filling.  This  tendency  to  date  has  been  very 
small,  but  it  will  undoubtedly  become  an  important  factor  when 
handling  ships  approaching  the  full  capacity  of  the  locks,  as 
there  will  be  a  smaller  opportunity  for  adjustment  of  the  flow. 
On  emptying  the  locks  the  vessels  tend  to  drift  downstream, 
showing  that  the  laterals  downstream  discharge  more  than  the 
upstream  laterals  under  this  condition.  This  was  also  deter- 
mined experimentally  as  follows: 

The  iptermediate  gates  were  closed  and  the  chamber  emptied 
through  the  center-wall  culvert,  seven  laterals  being  connected 
to  the  550-ft.  (168  m.)  lock,  and  three  to  the  350-ft.  (107  m.) 
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lock.  A  large  positive  head  was  observed  on  the  intermediate 
gates.  One  of  the  seven  laterals  was  then  closed  and  observa- 
tions were  repeated  with  the  same  result.  It  was  finally  found 
that  with  four  valves  open  to  the  82,500-sq.  ft.  (7670  sq.  m.) 
section,  and  three  to  the  40,500-sq.  ft.  (3760  sq.  m.)  section,  that 
the  water  levels  in  both  sections  remained  the  same.  In  other 
words,  the  three  valves  upstream  discharged  only  66  percent  as 
much  water,  on  the  average,  as  the  four  downstream  valves. 

Tests  were  made  in  the  same  manner  for  filling  with  the 
center-wall  culvert,  and  it  was  found  that  with  three  laterals 
connected  to  the  350-ft.  (107  m.)  lock  section,  and  five  laterals 
open  to  the  550-ft.  (168  m.)  lock  section,  that  the  water  levels 
remained  the  same  in  both  lock  sections  during  the  entire  period 
while  filling.  This  shows  that  the  three  upstream  valves  dis- 
charged on  the  average  of  82  percent  of  the  average  amount  dis- 
charged by  the  five  downstream  laterals.  Using  the  calculation 
shown  for  the  side-wall  culvert,  the  figure  obtained  for  the  above 
condition  is  86.5  percent.  This,  however,  is  only  an  approxi- 
mate check,  as  there  are  losses  in  the  cylindrical  valves  which 
also  affect  the  distribution. 

With  the  system  of  distribution  used,  it  is  evident  that  the 
distribution  can  be  improved  for  both  filling  and  emptying  by 
throttling  the  downstream  laterals.  Throttling  the  downstream 
laterals  would  decrease  the  total  quantity  flowing  past  the  upper 
laterals,  and  would  thereby  also  increase  the  discharge  through 
these  laterals  when  filling  the  locks.  It  might  therefore  be  wise, 
under  certain  conditions,  to  provide  a  non-operating  valve  for 
the  entrance  to  each  lateral  and  to  make  a  setting  of  these  valves 
by  trial  to  obtain  the  distribution  desired.  If  intermediate  gates 
were  not  used,  the  discharge  through  the  farthest  upstream  and 
downstream  laterals  could  be  made  a  maximum,  and  all  tendency 
to  drift  along  the  axis  of  the  locks  would  be  eliminated. 

The  culvert  system  could  be  designed  so  that  the  losses  due 
to  angular  flow  into  the  laterals  would  be  balanced  by  the  fric- 
tion losses  in  the  main  culvert,  and  a  uniform  distribution  thereby 
obtained  for  filling,  but  this  would  result  in  a  worse  distribution 
for  emptying. 

The  best  method,  where  possible,  would  be  to  have  the  intake 
and  discharge  connect  to  the  middle  of  the  longitudinal  culvert ; 
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this  would  give  an  ideal  distribution  for  both  filling  and  empty- 
ing of  the  locks,  as,  when  filling,  the  maximum  discharge  would 
take  place  through  both  end  laterals,  and  would  decrease  with 


'®     Time    \rt  Minute© 

Fig.  9. 


approach  to  the  middle  laterals.  When  emptying,  the  middle 
laterals  would  discharge  the  maximum  amount,  and  the  end  lat- 
erals the  minimum.  This  would  eliminate  all  tendency  for 
motion  along  the  axis  of  the  locks  and  would  keep  the  vessel 
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central  longitudinally.  This  is  based  on  locking  one  vessel  at  a 
time,  but  for  two  small  ships  locked  through  together  any  ten- 
dency to  drift  would  not  be  serious. 

DETERMINATION  OF  TRUE  EQUATION  OF  FLOW. 

When  filling  or  emptying  a  chamber  having  an  area  A 
through  an  opening  of  cross-sectional  area  F,  where  C  is  the 
coefficient  of  discharge  for  the  opening,  the  time  t  for  change 
of  levels  is  formulated 

CFV2^ 
where  h^^  and  fej  are  the  initial  and  final  heads  for  the  period 
taken. 

Figs.  9  and  10  show  the  filling  and  emptying  curves  for  the 
Pedro  Miguel  900-ft.  (275  m.)  lock,  using  the  side- wall  culvert. 
The  curves  do  not  follow  the  above  formula.  Due  to  the  dynamic 
effect  of  the  water  in  the  lock  culverts,  a  retardation  of  the  flow 
takes  place  at  the  beginning  and  an  acceleration  at  the  end  of  the 
operation,  which  results  in  an  overtravel  of  the  levels  and  in  a 
back-pressure  on  the  miter  gates. 

Assuming  a  lock  full  of  water  being  discharged  into  a  reser- 
voir of  large  capacity,  as  in  Fig.  10,  the  velocity  is  constantly 

(iv 

changing,   the  expression  -j- ,  or  the  acceleration  due  to  this 

change  of  velocity,  is  of  considerable  importance  for  long  cul- 
verts. If  I  is  the  length  of  the  culvert,  or  in  the  case  of  the 
locks  of  the  Panama  Canal,  the  equivalent  length  of  the  main 
culvert,  then  the  force  P  exerted  due  to  this  acceleration  is 

„  7v  „    dv  w  =  weight  of  unit  quantity  water 

g         dt  g  =  acceleration  due  to  gravity 

The  increase  or  decrease  of  pressure  Ah  expressed  in  terms  of 
equivalent  water  column  is 

9    dl_ 

Consequently  the  equation  for  filling  becomes 


2(^g  g   dt 

or 

''^         F'^C^^dt'  F     dl^ 

a  differential  equation  of  the  second  order  between  h  and  I. 
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The  correctness  of  this  equation  was  tested  by  actual  appli- 
cation of  the  curves  for  emptying  Pedro  Miguel  locks  shown  in 
Pig.  11.    The  first  and  second  diflferentials  were  obtained  graph- 


Tim*  \in   Mino+«^ 
FiC.  10. 


ically,  the  first  was  squared  and  multiplied  by  a  constant,  so 

cPh 

that  its  value  was  equal  to  h  when   -^-j-  was  equal  to  zero,  and 
similarly  for  the  curve  for  the  second  differential.    They  were 
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then  superimposed  on  the  original  curve  shown  in  Fig.  10.    Fig. 
11  shows  that  the  curves  nearly  follow  the  derived  equation. 

The  curves  clearly  illustrate  the  action  of  the  flow  which 
becomes  established  about  1^^  minutes  after  the  filling  valves 
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to 


are  started  open.  As  it  requires  one  minute  to  open  these  valves, 
it  can  be  safely  said  that  no  appreciable  loss  of  time  results  from 
the  initial  storage  of  energy  in  the  lock  culverts.  After  the  flow 
becomes  established  the  stored  energy  is  returned  at  such  a  rate 
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that  the  second  differential  term  has  a  constant  value.  This  value 
is  called  the  dynamic  head,  and  it  results  in  the  negative  value  of 
h  at  the  end  of  the  emptying  operation. 

Major  Pillsbury,  in  the  March-April,  1915,  number  of  Pro- 
fessional Memoirs,  Corps  of  Engineers,  U.  S.  A.,  presented  a 
paper  on  "Excess  Head  in  Large  Locks".  He  derived  the  dif- 
ferential equation  shown  in  a  different  manner,  by  use  of  the 
equation  of  energy.  He  also  obtained  a  first  integration  of  this 
equation  as  follows : 

h~h' 


(m 


2gF^C^ 


di^  A^ 


D 


ho  =  initial  head 

h  =  head  at  any  time  t 


where  D  is  the  dynamic  head.    An  analysis  of  this  equation  shows 

h    h. 


•o 


that  the  expression  {ho  +  D)€  ^  becomes  negligible  as  soon 
as  the  flow  is  established  and  confirms  the  graphical  analysis 
presented.  After  the  flow  becomes  established  and  P  is  a  con- 
stant, the  equation  becomes 


the  equivalent  linear  equation  obtained  by  integration  is 

2.1 


t  = 


Whi  +  D-Vhu  +  D] 


CF\/2g\ 

..  cPh      C^F^         .  ^     J.        ji   T^      2M    cPh      ,        d^h 

Also,  as  ^2"  =  ~42~^  when  constant  and  ^  —  ~2p^  ^^  when  ^ 

IF 
is  constant  D=C^-j-  ^  and  the  true  equation  for  change  of  levels 

after  flow  is  established  is 

2 


i^[V;,  +  cH-V;,+c.if] 


CF\/2g 

As  the  levels  ovortravel  by  an  amount  equal  to  the  dynamic 
head,  the  overtravel  of  the  water  is  directly  proportional  to  the 
area  and  length  of  culvert  feeding  the  lock  and  inversely  pro- 
portional to  the  area  of  the  lock  chamber. 

The  overtravel  as  determined  is  independent  of  the  initial 
head,  as  long  as  there  is  a  small  allowance  for  initial  storage  of 
energy.  Tests,  made  by  filling  locks  with  various  initial  heads, 
have  demonstrated  this  to  be  correct,  the  same  overtravel  being 
observed  in  all  cases. 
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The  application  of  the  derived  equations  to  the  curve  in  Fig. 
10  shows  that  the  value  of  C  is  practically  constant  for  all  parts 
of  the  curve  and  equal  to  0.73.  The  overtravel,  or  value  of  D, 
shown  is  0.7  ft.  (0.213  m.).  The  length  of  culvert,  as  obtained 
from  formula 

gives  a  value  for  I  of  638  ft.  (194.6  m.) 

In  the  case  of  the  locks  of  the  Panama   Canal  this  is  the 

equivalent  length  of  main  culvert.     The  determination   of  D 

from  designing  data  for  complex  culvert  systems  is  discussed 

separately. 

The  overtravel  also  shortens  the  filling  operation,  as  the 
water  travels  at  its  slowest  rate  after  actual  equalization.  Taking 
time  for  emptying  lock  from  any  head  h  to  o,  the  equation 
becomes 

The  time  saved  by  the  dynamic  head  is  therefore 


t  = 
CF 


T= 


CFV2ii^^  +>/i>  -Vh  +  n). 


Applying  this  equation  for  emptying  the  locks,  a  saving  of  129 
seconds  is  effected  due  to  the  dynamic  head — a  remarkable 
saving  of  time. 

GENERAL  DISCUSSION  OF  FILLING  AND  EMPTYING  CURVES' 

FOB  PEDRO  MIGUEL  LOCK. 

The  coefiScient  C  as  determined  by  use  of  the  true  equation 
of  flow  for  Pedro  Miguel  locks  for  all  conditions  of  operation  is 
as  follows:  The  values  are  practically  constant  for  all  limits 
after  flow  is  established. 

Filling  chamber  with  two  culverts 0.65 

Emptying  chamber  with  two  culverts 0.67 

Filling  chamber  with  side  culvert 0.82 

Emptying  chamber  with  side  culvert 0.73 

Filling  chamber  with  center  wall  culvert 0.52 

Emptying  chamber  with  center  wall  culvert 0.66 

The  distribution  for  filling  with  the  center-wall  culvert  is 
about  the  same  as  for  the  side-wall,  due  to  its  low  co- 
efficient  of  0.52  as  compared  with  the  side-wall  coefficient. 
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0.82;  with  both  the  culverts  wide  open  the  side-wall  culvert 
overbalances  the  center-wall  and  causes  vessels  to  drift  toward 
the  side-wall.  This  is  easily  overcome  by  only  opening  the  side- 
wall  filling  valves  part  way.  The  center-wall  culvert  has 
only  ten  laterals,  whereas  the  side-wall  culvert  has  twelve. 
Using  the  analysis  of  the  side-wall  previously  given,  the  coeffi- 
cient therefrom  is  81%.  By  calculation,  the  omission  of  one 
lateral  would  make  the  coefficient  81%,  of  the  two  laterals 
78.8%,  and  of  three  laterals  74.8%.  The  fact  that  the  center- 
wall  -culvert  has  only  ten  laterals  does  not  therefore  explain  the 
low  coefficient;  neither  is  it  due  to  the  intake  losses,  main- 
culvert  losses,  or  to  lateral-culvert  losses,  as  these  are  practi- 
cally the  same  for  the  center-wall  as  for  the  side-wall.  The  only 
explanation  is  that  there  must  be  very  large  losses  in  the  cylin- 
drical valves  due  to  the  angular  flow  into  them  when  filling  the 
locks. 

The  coefficient  for  emptying  through  the  side-wall  culverts 
is  less  than  for  filling.  Skin  friction  does  not  explain  this.  It 
would  be  expected  that  the  maximum  losses  would  occur  in 
filling  due  to  the  heavy  losses  at  the  entrances  to  the  upstream 
laterals  and  the  fact  that,  in  general,  the  water  has  farther  to 
travel  when  filling  than  emptying,  due  to  the  distribution  in 
the  two  cases. 

It  is  evident  therefore  that  other  losses  exist  besides  skin 
friction  and  the  loss  due  to  the  normal  change  of  velocity  in 
the  culverts.  The  writer's  theory  is  that  the  impact  of  the 
inflowing  water  against  the  water  flowing  through  the  main 
culvert  results  in  a  contraction  in  the  main  culvert  and  subse- 
quent expansion  losses.  On  this  assumption  such  losses  would 
decrease  with  increase  of  the  quantity  flowing  in  the  main 
culvert  up  to  the  lateral,  and  consequently  the  effect  on  the 
total  distribution  would  be  to  cause  increased  discharge  through 
the  laterals  nearest  the  emptying  valves. 

The  expected  value  of  C  was  0.65.  This  value  has  been 
obtained  or  exceeded  in  all  cases  except  in  filling  with  the 
center-wall  culvert.  It  should  be  remembered,  however,  that 
this  culvert  was  originally  intended  as  an  auxiliary,  and  that 
under  this  condition  the  losses  in  the  cylindrical  valves  would 
not  be  important. 
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CALCULATION   OF   VALUE   OF   DYNAMIC   HEAD   FOR   COMPLEX 

CULVERT  SYSTEMS. 

As  the  dynamic  head  depends  on  the  rate  of  change  of 
velocity  and  the  length  of  culvert  through  which  the  flow  takes 
place,  it  is  evident  that  its  value  depends  on  the  location  taken 
for  the  complex  culvert  system  of  the  locks  of  the  Panama 
Canal.  Considering,  first,  the  main  longitudinal  culvert, — ^the 
value  of  the  dynamic  head  when  filling  the  locks  at  the  first 
lateral  is  dependent  on  the  length  of  culvert  to  the  first  lateral 
and  the  rate  of  change  of  velocity  of  the  total  flow.  Between 
the  first  and  second  laterals  the  velocity  is  decreased,  due  to 
the  discharge  throujrh  the  first  lateral ;  the  rate  of  change  of  the 
decreased  velocity  and  the  length  of  culvert  between  the  first 
and  second  laterals  result  in  a  dynamic  head  which,  added  to 
the  dynamic  head  for  the  first  lateral,  gives  the  dynamic  head 
for  the  second  lateral.  It  is  thus  easily  shown  that  the  dynamic 
head  increases  in  value  for  the  different  laterals  when  progress- 
ing downstream.  This  accounts  for  the  back  pressure  on  the 
lower  safety  gates  in  addition  to  the  back  pressure  on  the  upper 
gates  at  the  end  of  the  filling  operation. 

The  value  of  the  dynamic  head  for  the  entire  system  is  ob- 
tained by  a  summation  of  the  individual  dynamic  heads  multi- 
plied by  the  percentage  of  total  flow  affected. 

It  will  be  noted  that  the  dynamic  head  as  shown  by  Figs.  9 
and  10  is  1.0  ft.  (0.305  m.)  for  filling,  whereas  it  is  only  0.7 
(0.214  m.)  for  emptying  the  locks,  using  the  side-wall  culvert. 
This  is  mainly  due  to  the  distribution,  as  the  laterals  farthest 
from  the  filling  valves  discharge  the  largest  amounts  when  fill- 
ing and  those  nearest  the  emptying  valves  discharge  the  maxi- 
mum when  emptying.  Consequently,  the  water,  on  an  average, 
travels  a  greater  distance  when  filling  than  when  emptying  the 
locks. 

The  value  of  the  dynamic  head  d  for  a  length  of  culvert  I  of 
cross-sectional  area  a  carrying  p  percent  of  the  total  flow  is 

,  I  pF  dv 

g    a    at 

where  F  is  cross-sectional  area  of  portion  of  culvert  carrying 
total  flow,  and  where  v  is  the  velocity  at  this  section. 
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As  -;7T  =  —  ^^  T  fi'  when  flow  is  fully  established,  where  C  is  the 
lock  coefficient  and  A  is  the  area  of  the  chamber,  by  substitution 

The  value  of  the  dynamic  head  up  to  any  point  is  equal  to  a 
summation  of  all  the  values  of  d  for  the  culvert  sections  carry- 
ing the  flow  to  that  point.  The  dynamic  head  for  the  system  is 
the  summation  of  the  individual  dynamic  heads  multiplied  by 
their  percentage  p  of  total  flow,  or 

A         a 

for  a  simple  culvert  carrying  the  total  flow,  this  reduces  to  the 
formula  previously  given, 

IF 

A 

The  equivalent  length  of  culvert,  L,  for  a  complex  system  is 
therefore 


L  =  Ft 


Ip^ 


a 

The  values  of  the  dynamic  head  at  the  entrances  to  the 
lateral  culverts  are  calculated  in  Table  I  for  the  side-wall  culvert, 
the  values  of  p  being  obtained  from  the  distribution  previously 
given. 

The  total  value  of  D  for  the  main  culvert  as  obtained  from 
the  formula,  using  the  figures  given, 

D  =  ^pd  =  1.2021  ft.  (0.367  m. ) 
The  lateral  culverts  will  cause  a  slight  increase  of  D  for  the  total 
system,   for   instance,   for   the   distribution   calculated  for   the 
various  openings  and  a  maximum  discharge  of  900  cu.  ft.  (25.45 
cu.  m.)  per  second,  the  calculations  are  as  given  in  Table  II. 

For  the  entire  lateral  culvert,  !>-«  0.0722  ft.  (0.0220  m.). 
By  calculation,  the  increase  of  dynamic  head  for  the  system  due 
to  the  laterals  is  0.0605  ft.  (0.0184  m.),  making  the  value  of  D 
for  the  entire  system  1.263  ft.  (0.385  m.).  The  observed  value  of 
D  is  1.0  ft.  (0.305  m.) ;  however,  considerable  leakage  oecurs  from 
the  chamber  due  to  the  ** cracking"  open  of  the  miter  gates  from 
back  pressure.  The  area  created  for  efflux  on  this  account  is 
about  60  sq.  ft.  (5.58  sq.  m.).    Assuming  an  average  head  of  0.5 
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ft.  (0.153  m.),  for  two  minutes  the  eflflux  would  theoretically 
amount  to  about  41,000  eu.  ft.  (1160  cu.  m.),  which  would  result 
in  a  decrease  of  the  overtravel  of  0.33  ft.  (0.10  m.).  The  cal- 
culated value  of  the  dynamic  head  is  therefore  in  close  agree- 
ment with  the  actual  value. 

A  comparison  of  the  calculated  values  of  the  dynamic  head 
for  the  various  laterals  and  for  the  openings  of  the  laterals  shows 
that  the  difference  of  values  is  so  small  that  the  eflPect  on  the 
total  distribution  is  negligible. 

THE  BISING-STEM  VALVES. 

In  all  cases  except  cross-filling  between  adjacent  locks  of  the 
same  level,  the  flow  of  water  is  controlled  by  pairs  of  rising-stem 
valve  machines. 

This  machine  consists  in  a  rising-stem  passing  through  a 
stuffing  box  in  a  watertight  bulkhead,  connected  to  a  gate  valve 
at  the  lower  end  and  to  a  guided  cross-head  at  the  upper  end. 
The  cross-head  is  moved  vertically  through  a  distance  of  18  ft. 
(5.49  m.)  by  means  of  two  vertical  revolving  screws,  which  trans- 
mit the  force  through  two  non-revolving  nuts  in  the  cross-head. 
Each  screw  is  driven  from  the  motor  shaft  by  a  gear  and  pinion 
reduction  and  two  bevel  gears.  Two  sub-bases  carry  the  motor, 
limit  switch,  extended  shaft  bearings  and  thrust  bearings.  The 
two  live  roller  trains,  against  which  the  gate  travels  when  under 
pressure,  are  constrained  to  move  at  half  the  rate  of.  the  gate 
travel  by  chains  actuated  by  the  cross-head.  The  chains  pass 
over  pulleys  and  are  fastened  to  rods  which  pass  through  the 
stuffing  boxes  in  the  watertight  bulkheads.  The  lower  ends  of  the 
rods  are  attached  to  the  live  roller  trains.  The  two  ends  of  the 
cross-head  are  slotted  to  allow  the  cross-head  nuts  to  travel  6  in. 
(0.152  m.)  after  the  valve  has  seated,  and  to  allow  the  machinery 
to  stop  without  shock. 

Extensive  tests  have  been  made  on  the  rising-stem  valves  to 
determine  their  performance  under  various  heads,  and  especially 
to  determine  the  losses  resulting  from  water  pressure  and  the 
coefficient  of  roller-train  friction.  Before  the  machines  were  put 
into  operation  their  losses  when  operating  in  the  dry  were  found 
to  be  as  follows,  all  losses  being  reduced  to  equivalent  forces  at 
the  valve  stem : 
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Operation  of  the  Valve  in  tbe  Dry. 

Opening  Valve 
Lbs.  Kg 

1  Weight    of    valve    and    access- 

ories, cross-head,   and  equiva- 
lent weight  of  roller  train 31,500     (14,300) 

2  Side-seal  friction  due  to  initial 

tension 1,000     (      450) 

S    Valve,  steam  and   roller  train 

friction   8,000     (  3,630) 

4  Equivalent    wt.    on    cross-head 

[l±(2+3)3    40,500     (18,380) 

5  Coefficient  thrust-screw   friction  .073 

6  Thrust-screw  sliding  friction 23,900     (10,840) 

7  Binding  friction  between  nuts 

and  screws  2,100     (     960) 

8  Losses  in  gearing  between  mo- 

tors and  screws 19,000     (  8,620) 

9  Total  machine  and  valve  friction  54,000     (24,500) 

(2+3+6+7+8) 
10    Total     force     to     move     valve 

(9±1)    85,500     (38,800) 


Closing  Valve 
Lbs.        Kg. 


31,500 

1,000 

8,000 

22,500 

14.700 

2,100 

12,400 
38,200 


.083 


14,300) 
450) 


3,630) 


10,220) 

6,670) 

960) 

5,630) 
17,340) 


6,700     (  3,040) 


480  revolutions  of  motor  give  an  18-ft.  (5.49  m.)  movement 
of  the  valve.  Motor  synchronous  speed  is  500  r.p.m.  It  takes 
63  seconds  to  open  valve,  and  58  seconds  to  close  it. 

The  coefficient  of  roller-train  friction  was  found  from  dyna- 
mometer tests  at  Oatun  locks  to  be  0.025.  Using  this  coefficient, 
the  calculated  losses  for  the  most  severe  condition  of  operation 
follow : 


Opening  Valve  Under  79-Ft.  Head. 


Lbs. 


1 
2 
3 
4 


7 

8 

9 

10 


Friction  of  side  seals  due  to  water  pressure 4,170 

Water  pressure  against  top  seal  (upward  force)  5,420 

Rolling  friction  of  roUer  trains  (coef.  0.0250)....  16,250 
Total   added   friction    due    to   water   pressure 

(1— 2-f3)    15,000 

5  Total  valve,  roller-train,  and  seal  friction  in 

the  dry 9,000 

6  Weight    of   valve   and   accessories,    cross-head 

and  equivalent  weight  of  roller  trains 31,500 

Equivalent  weight  on  cross-head  (4+5+6) 55,500 

Coefficient  of  thrust-screw  friction 0.064 

Thrust-screw  sliding  friction 28,000 

Thrust-screw  and  nut-binding  friction 2,100 


Kg. 
(  1,890) 
(  2,460) 
(  7,380) 

(  6,810) 

(  4,090) 

(14,300) 
(25,200) 

(12,700) 
(      950) 


208  HYDRAULICS  OF  THE  LOCKING  OPEBATIONS 

11  Losses  in  gearing  between  motor  and  screws 21,000  (  9,540) 

12  Total    friction    machine    and    valve    friction, 

(4+5+9+10+11)  75,100  (34,090) 

13  Total  force  required  to  break  seals  (6+12) 106,600  (48,390) 

The  maximum  equivalent  weight  on  the  cross-head  is  cal- 
culated above  as  55,500  lbs.  (25,200  kg.),  including  the  weight 
of  the  cross-head  and  accessories — ^2900  lbs.  (1320  kg.).  The 
machines  were  designed  to  exert  a  lifting  force  of  60,000  lbs. 
(27,2(X)  kg.)  at  the  cross-head,  and  before  the  final  contract  was 
awarded  the  first  two  machines  successfully  stood  a  test  with 
60,000  lbs.  (27,200  kg.)  load  in  addition  to  the  weight  of  the 
cross-head. 

The  force  for  closing  the  valve  is  the  same  for  all  conditions 
of  operation,  as  an  increase  of  roller-train  friction  is  neutralired 
by  the  decrease  of  thrust-screw  friction. 

Tests  made  under  operation  give  the  calculated  force  shown 
and  demonstrate  the  correctness  of  the  coefiicient  of  roller-train 
friction  used.  No  increase  of  friction  has  been  noted  after  two 
years'  service. 

The  force  while  opening  the  valve  is  practically  the  same 
during  the  entire  period,  showing  that  the  total  pressure  or  head 
against  the  valve  remains  constant. 

The  valves  have  been  closed  repeatedly  against  high  heads 
when  equalizing  between  chambers,  with  no  noticeable  surging 
or  shock.  The  leakage  under  a  30-ft.  head  (9.15  m.)  is  about 
1.25  cu.  ft.  (0.035  cu.  m.)  per  second  per  pair  of  valves. 

The  total  discharge  through  the  valves  is  not  directly  pro- 
portional to  the  opening;  coefficients  based  on  the  area  of  the 
openings  of  the  valves  may  greatly  exceed  unity  due  to  the 
velocity  of  approach.  In  certain  cases,  such  as  equalizing  be- 
tween levels,  it  makes  very  little  difference  in  the  total  flow 
whether  one  or  both  valves  are  open. 

OPERATION  OF  THE  MITER  GATES. 

Each  set  of  miter  gates  was  built  to  withstand  full  hydro- 
static pressure,  and  at  the  time  the  locks  were  watered,  this 
pressure  was  successively  applied  to  each  set.  The  main  operat- 
ing gates  at  Pedro  Miguel  are  79  ft.  (24.1  m.)  high,  their  sill 


HYDRAULICS  OF  THE  LOOKING  OPERATIONS  209 

is  at  elevation  +13  ft.  (3.97  m.).  The  maximum  elevation  of 
Gatun  Lake  is  +87  ft.  (26.54  m.).  If  a  lock  chamber  were 
unwatered,  the  upper  operating  gates  would  be  required  to  with- 
stand a  74-ft.  (22.57  m.)  head  of  water.  As  each  miter-gate  leaf 
is  65  ft.  (19.8  m.)  in  length,  the  full  hydrostatic  pressure  per 
leaf  would  then  be  5550  tons  (5.04  x  10®  kg.). 

In  normal  operation,  the  maximum  pressure  on  any  set  of 
gates  occurs  on  the  lower  operating  gates  at  Miraflores  upper 
lock.  The  sill  of  these  gates  is  at  elevation  —  18.3  ft.  (5.58  m.). 
When  the  water  in  the  lower  lock  is  at  low  tide,  or  — 10  ft. 
(3.05  m.),  and  the  upper  lock  at  Miraflores  Lake  level,  elevation 
+  55  ft.  (16.78  m.),  the  net  pressure  per  leaf  is  5380  tons  (4.89  x 
10®  kg.),  practically  equivalent  to  the  maximum  as  calculated 
above. 

The  mechanism  for  the  remote  control  of  the  lock  gates  is 
not  equipped  with  an  interlock  to  prevent  the  opening  of  a  set 
of  leaves  before  equalization  of  water  levels.  None  is  necessary, 
as  the  miter  gate  moving  machines  are  just  strong  enough  to 
operate  the  gate  after  equalization.  For  example,  in  the  case 
of  a  difference  of  2  ft.  (0.61  m.)  in  levels  on  the  two  sides  of  the 
upper  operating  gates  at  Pedro  Miguel,  there  would  be  74  ft. 
(22.57  m.)  of  water  against  the  upstream  side,  and  72  ft.  (21.96 
m.)  against  the  downstream  side.  This  difference  would  result 
in  a  net  downstream  pressure  of  600,000  lbs.  (272,000  kg.) .  With 
reference  to  the  miter-gate  moving  machine,  this  pressure  may 
be  considered  as  applied  perpendicularly  at  the  center  of  the 
leaf,  or  a  distance  of  32^  ft.  (9.91  m.)  from  the  pintle.  A  per- 
pendicular distance  from  the  pintle  to  the  center  line  of  the  strut 
of  the  moving  machines  is  11.5  ft.  (3.51  m.),  approximately, 
when  the  gate  is  closed.  To  open  the  leaf  against  a  water  pres- 
sure of  600,000  lbs.  (272,000  kg.),  the  strut  would  have  to  exert  a 
force  of  about  1,700,000  lbs.  (772,000  kg.).  The  maximum  force 
the  strut  can  exert  on  opening  a  leaf  is  approximately  1,000,000 
lbs.  (454,000  kg.),  and  an  attempt  to  open  a  leaf  under  these 
conditions  would  stall  the  motor  after  compressing  the  springs 
in  the  strut. 

On  filling  or  emptying  a  chamber,  the  water  overtravels, 
after  equalization,  and  back  pressure  on  the  gates  results.  This 
back  pressure  varies  from  6  to  12  inches  (0.152  to  0.305  m.),  and 
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causes  the  gates  to  open  8  inches  (0.203  m.)  between  miter  points, 
or  to  the  full  limit  of  strut  spring  compression.  It  requires 
185,000  lbs.  (84,000  kg.)  to  compress  the  springs  solid,  and  a 
few  inches  is  sufficient  to  do  this.  This  helps  to  open  the  gates 
and  also  gives  a  positive  signal  that  equalization  has  occurred. 

In  most  cases  there  is  a  difference  in  density  of  the  water 
on  both  sides  of  the  operating  gates,  as  with  every  lockage  some 
salt  water  is  locked  up  into  the  fresh  water  supply,  as  testified 
by  the  increasing  salinity  of  Miraflores  Lake.  When  conditions 
of  equilibrium  are  established  after  opening  the  culvert  connect- 
ing the  chambers  on  the  two  sides  of  the  gates  the  water  levels 
are  not  always  the  same.  For  instance,  at  the  82-ft.  (25  m.) 
gates  at  the  lower  end  of  Miraflores  locks,  which  are  generally 
kept  closed  while  the  culvert  to  the  sea  is  kept  open,  the  fresh 
water  on  the  upstream  side  is  from  4  to  8  inches  (0.153  to  0.203 
m.)  higher  than  the  sea  water  on  the  downstream  side.  This 
difference  depends  on  the  difference  of  densities  and  also  on  the 

position  of  the  culvert  outlet. 

Assume  the  outlet  at  elevation  of  bottom  of  lock,  and  sup- 
pose the  relative  densities  to  be  as  1.02 : 1.00.  The  sill  of  the 
gate  is  — 50  ft.  (15.25  m.).  High  tide  is  — 10  ft.  (3.05  m.). 
With  60  ft.  (18.3  m.)  of  water  on  the  downstream  side  of  the 
gate,  there  would  be  61.2  ft.  (18.67  m.)  on  the  upstream  side, 
or  a  difference  in  levels  of  1.2  ft.  (0.37  m.).  The  total  pressure 
on  the  gate  depends  on  the  density  and  the  square  of  the  head. 
Consequently  the  net  total  pressure  per  leaf  would  be  150,000 
lbs.  (68,000  kg.)  more  on  the  upstream  side  than  on  the  down- 
stream side.  To  avoid  this  large  difference  in  pressure,  a 
specially  constructed  culvert  outlet  was  placed  at  elevation  —  25 
ft.  (7.63  m.),  or  25  ft.  (7.63  m.)  above  the  sill.  This  makes  the 
resultant  levels  for  the  above  conditions  60  ft.  (18.3  m.)  on  the 
downstream  side,  and  (60-25)  1.02  plus  25,  or  60.7  ft.  (18.5  m.) 
on  the  upstream  side,  and  reduces  the  net  pressure  to  about 
24,000  lbs.  (10,900  kg.)  per  leaf. 

In  making  lockages  at  Miraflores,  the  levels  on  the  two  sides 
of  the  lower  operating  gates  in  the  upper  chamber  differ  at  times 
by  1  ft.  (0.305  m.)  when  equilibrium  is  reached  between  the 
upper  and  lower  chambers.  The  net  pressure  per  leaf  tending  to 
resist  the  opening  of  a  leaf  for  this  condition  is  approximately 
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100,000  lbs.-  (45,000  kg.).  The  gates  are  always  opened  when 
they  ** crack''  from  back  pressure  caused  by  the  overtravel  of 
the  water  before  such  a  condition  of  equilibrium  is  reached; 
otherwise,  it  would  put  a  severe  duty  on  the  miter  gate  moving 
machinery,  and  a  heavy  current  would  flow  from  the  upper  to 
the  lower  lock  that  would  be  undesirable,  as  soon  as  the  gates 
were  opened. 

Another  resistive  force  to  the  movement  of  a  miter  gate  leaf 
is  the  difference  in  water  levels  on  the  two  sides  of  a  gate  caused 
by  the  movement  of  the  leaf,  for  instance,  the  area  of  the  space 
between  the  upper  guard  gates  and  the  upper  operating  gates 
is  11,000  sq.  ft.  (1020  sq.  m.).  If  the  upper  guard  gate  is  opened 
2  ft.  (0.61  m.),  the  area  is  enlarged  by  about  137  sq.  ft.  (12.7 
sq.  m.).  As  the  minimum  immersion  of  the  guard  gate  is  about 
40  ft.  (12.2  m.),  the  volume  displaced  by  this  movement  amounts 
to  5480  cu.  ft.  (155  cu.  m.).  This  lowers  the  water  on  the  down- 
stream side  about  6  inches  (0.152  m.)  and  creates  a  large  resist- 
ing force  to  further  outward,  upstream  movement  of  the  guard 
gate  until  the  difference  in  level  is  relieved  by  the  influx  of 
water  through  the  opening  between  the  leaves  and  through  the 
auxiliary  culvert.  Similarly  for  opening  the  upper  operating 
gates  and  using  the  900-ft.  (274  m.)  lock.  For  a  4-ft.  (1.22  m.) 
movement,  assuming  no  influx,  the  water  in  the  chamber  would 
be  lowered  2  inches  (0.051  m.),  and  the  resistive  force  would  be 
50,700  lbs.  (23,000  kg.)  per  leaf.  It  has  been  found  from  the 
duty  cycle  of  the  moving  machine  that  the  maximum  torque 
occurs,  on  opening  the  gate,  about  20  seconds  after  the  gate  is 
opened,  and  on  closing,  about  20  seconds  before  gate  is  closed. 

On  account  of  the  conditions  just  described,  it  has  been 
found  to  be  most  satisfactory  to  open  one  of  the  leaves  from  15 
to  20  seconds  before  the  other.  This  gives  about  the  same  open- 
ing between  leaves  as  a  simultaneous  opening,  as  they  join  at 
an  angle  of  120  degrees,  and  gives  a  comparatively  light  duty 
to  the  motors,  as  only  half  the  water  is  displaced.  In  opening 
four  leaves,  such  as  the  upper  guard  and  upper  operating  gates, 

• 

one  of  the  guard  leaves  is  opened  first;  five  seconds  later,  the 
operating  leaf  on  the  same  side ;  15  seconds  after  this,  the  other 
guard  leaf ;  and  five  seconds  after  this,  the  second  operating  leaf. 
This  method  increases  the  normal  time  for  opening  the  two  gates 
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by  25  seconds,  but  is  much  less  severe  on  the  operating  ma- 
chinery. For  operating  the  gates  in  the  dry,  scarcely  any  power 
is  required.  The  eflPect  of  eddy  currents  and  backing-up  of  the 
water  against  the  gate  recess  also  tend  to  prevent  movement  of 
the  gates,  but  these  factors  are  small  compared  with  those  given. 

When  closing  the  gates  the  currents  set  up  due  to  differ- 
ence in  salinity  of  water  have  a  negligible  eflPect  on  the  operation 
of  the  gates.  The  currents  caused  by  displacement  of  a  vessel 
in  motion  or  those  resulting  from  use  of  the  vessel's  screw  to 
date  have  had  very  little  eflPect  [the  canal  being  open  only  to 
vessels  of  30  ft.  (9.15  m.)  draft].  Surges,  however,  are  set  up 
in  the  chamber  having  a  total  amplitude  as  great  as  1  ft.  (0.305 
m).  These  surges  have  a  marked  eflPect  on  the  operation  of  the 
gates,  resulting  in  positive  or  negative  pressures,  depending  on 
the  time  the  gate  is  closed  with  reference  to  the  surge.  The 
surges  have  in  general  a  period  of  about  one  minute  and  a  skilled 
operator  can  time  the  operation  of  the  gates  so  as  to  avoid  large 
positive  pressures. 

The  displacement  of  the  gate  always  tends  to  resist  its 
motion,  but  the  eflBux  rate  for  closing  is  greater  than  opening, 
due  to  the  relative  length  of  the  strut  in  the  two  cases,  the  strut 
being  elongated  when  opening  and  shortened  when  closing  the 
gate  by  an  amount  equal  to  the  compression  of  the  strut  springs. 
Where  the  areas  controlled  by  the  gate  are  large,  it  sometimes 
happens  that  the  positive  pressure  caused  by  the  surges  men- 
tioned is  greater  than  the  resistive  pressure  due  to  displacement, 
and  the  gates  close  with  considerable  violence.  Consequently  the 
operating  gate  leaves  are  operated  simultaneously,  so  as  to  get 
the  full  cushion  eflPect  due  to  displacement. 

DETERMINATION  OF  FORCE  REQUIRED  TO  OPERATE  MITER 

GATES. 

The  miter-gate  moving  machine  consists  of  a  miter-gate  leaf 
which  is  opened  and  closed  by  a  connecting  rod  or  strut  attached 
on  one  end  to  a  pin  on  the  leaf  and  on  the  other  end  to  a  pin 
on  a  large  crank  gear.  The  crank  gear  is  driven  through  an  arc 
of  197°  by  an  induction  motor  through  a  train  of  gearing.  Fig. 
12  shows  the  position  of  the  leaf,  strut  and  crank  gear  at  the 
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Start,  when  the  leaf  begins  to  open,  and  for  an  angle  of  the  crank 
gear  of  120°  from  closed  position.  The  dimensions  of  the  parts 
are  shown,  and  the  position  of  the  crank  gear  is  denoted  by  the 
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angle  tf.    The  distances  2>i  and  2>2»  *^  shown  on  the  figure,  were 
obtained  graphically  for  all  values  of  d  and  plotted. 

Fig.  13  shows  the  relative  velocity  of  the  leaf -strut  pin  to 
the  crank-gear  strut  pin  for  all  values  of  B  for  opening  the  leaf. 
It  is  to  be  noted  that  the  relative  velocities  at  the  extremities  of 
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travel  are  small,  which  is  a  very  helpful  factor.    The  graphical 
method  used  to  obtain  the  values  is  indicated  on  the  figure. 
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Fig.  14  shows  the  velocity  of  the  miter  end  of  the  leaf,  the 
distance  between  miter  ends  when  opening  two  leaves  simul- 
taneously, and  the  distance  between  miter  ends  for  opening  one 
leaf,  all  plotted  against  time.    The  curves  were  obtained  by  use 
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of  the  data  on  Figs.  12  and  13,  and  on  the  assumption  that  the 
crank  gear  travels  at  a  constant  speed  and  requires  two  minutes 
to  open  the  leaf. 


\ 

1 

1 

1 

\      I 

% 

(      \ 

;       V 

xaB4 
>            ( 

f      t 

t          91 

1 

\ 

|2 

8 

\\ 

< 

\\ 

fc 

•J 

o 

z 

1 

11 

a.  I 

"1 

L 

\ 

y 

y 

hJ 

1- 

f 

V 

\ 

^y^ 

;^ 

i^ 

h 

\ 

\ 

\ 

\ 

#^ 

J^ 

I 

\ 

y 

\ 

p 

X 

^ 

\ 

\ 

/ 

\ 

N, 

\ 

i 

i 

1 

S 

\ 

\ 

> 

I 

\ 

\ 

8 

-J 

a    « 

\ 

\ 

\ 

^ 

V 

X^ 

> 

\ 

v 

^-- 

\ 

s 


•5  3  "^  •* 

tf  o  o  e 


Fig.  15  shows  the  effect  of  opening  two  leaves  of  a  gate 
simultaneously  as  against  opening  first  one  leaf  and  then  the 
other.    The  case  chosen  is  for  a  gate  of  50  ft.  (15.25  m.)  immer- 
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sion,  controlling  an  area  of  100,000  sq.  ft.  (9290  sq.  m.).    The 
displacement  curve  shown  is  calculated  from  the  dimensions  of 
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the  gate  and  the  immersion,  and  the  use  of  curve  in  Fig.  14 
showing  velocity  of  miter  end  of  gate.     In  the  calculations  it 
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was  assumed  that  no  influx  took  place  under  the  gate  and  the 
areas  for  influx  were  therefore  the  distances  between  miter  ends 
shown  in  Fig.  14  multiplied  by  the  immersion.  The  head  curves 
shown  were  obtained  by  making  calculations  of  displacement, 
influx,  and  resulting  increment  of  head  for  each  second.  The 
maximum  value  for  operating  the  leaves  simultaneously  is  a 
head  of  0.195  ft.  (0.0595  m.)  occurring  20  seconds  after  move- 
ment of  leaf  begins,  and  0.075  ft.  (0.0229  m.)  for  opening  only 
one  leaf  occurring  18  seconds  after.  The  beneficial  effect  of  non- 
simultaneous  operation  of  the  leaves  is  clearly  shown  by  the 
character  of  the  curves. 

Fig.  16  shows  the  total  head  curves  for  simultaneous  opera- 
tion of  the  leaves  of  a  miter  gate  having  a  50-ft.  (15.25  m.) 
immersion  and  controlling  various  areas  assumed  constant.  With 
the  exceptions  shown  in  the  figure,  it  was  assumed  that  no  influx 
occurred  under  the  leaves.  The  maximum  values  of  head  and 
time  that  maximum  head  occurs  are  as  follows : 

Time  after 
Movement  of 
Area  Inlaximum  Head  Leaf  starts 

5,000  sq.  ft.  (  464  sq.  m.)  1.25  ft.  (0.381     m.)  8.5  seconds 

10,000  "     "  (929    "    '•)  0.85  "  (0.259      '')  10.5      " 

50,000  "     "  (4645    "    ")  0.31  "  (0.0945    ")  17.0       '' 

100,000  "     "  (9290    *'    ")  0.195''  (0.0594    ")  20.0       " 

Fig.  16  also  shows  that  on  account  of  the  actual  influx 
occurring  under  the  bottom  of  the  gate  the  maximum  head  is 
0.57  ft.  (0.174  m.),  instead  of  0.85  ft.  (0.259  m.)  for  the  10,000 
sq.  ft.  (929  sq.  m.)  area  curve,  and  that  this  head  could  be  re- 
duced to  0.39  ft.  (0.119  m.)  by  having  a  clear  sump  without 
the  present  ledge  obstructing  the  influx. 

Figs.  17  and  18  show  method  of  determination  of  duty 
cycle  for  opening  Miraflores  lower  guard  gates,  assuming  an  im- 
mersion of  50  ft.  (15.25  m.).  These  gates  have  the  heaviest  duty 
cycle  of  any  of  the  gates  of  the  Panama  Canal,  as  they  control 
a  very  small  area,  have  a  large  immersion,  and  the  smallest  areas 
for  the  influx.  Fig.  17  shows  the  displacement  for  simultaneous 
operation  of  the  leaves,  the  area  of  the  section,  which  increases 
with  opening  of  the  gate,  the  total  area  for  influx,  and  the  head 
and  influx  curves  based  on  full  theoretical  influx.  The  maximum 
head  shown  is  0.595  ft.  (0.181  m.).     On  Fig.  18  is  shown  the 
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total  pressure  per  leaf  due  to  the  heads  obtained,  the  relative 
velocity  of  the  leaf-strut  pin  and  the  crank-gear  pin  as  obtained 
from  Fig.  13,  and  the  motor  torque  obtained  from  these  data  and 
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the  gear  ratio  of  1660 :1  between  the  motor  and  the  crank  gear. 
The  total  torque  to  move  the  leaf  is  obtained  by  adding  this 
torque  to  the  machine  friction  torque.  The  machine  torque  is 
taken  as  the  motor  torque  obtained  by  test  for  operating  the  leaf 
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with  the  same  immersion,  with  the  companion  leaf  fully  opened, 
so  that  there  is  ample  area  for  influx;  it  therefore  includes  the 
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actual  friction  of  the  machine,  leaf  hydraulic  friction,  and  the 
amount  used  for  initial  storage  of  energy.  Its  value  is  prac- 
tically constant  for  the  portion  of  the  cycle  shown,  and  then 
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gradually  decreases  as  the  gate  approaches  the  open  position. 
The  maximum  net  total  pressure  shown  on  the  leaf  is  116,000 
pounds  (52,700  kg.).  This  was  calculated  for  fresh  water  weigh- 
ing 62.4  pounds  per  cubic  foot  (1000  kg.  per  1  cu.  m.),  and  using 
a  length  of  63.4  ft.  (19.33  m.)  for  the  gate,  the  distance  from 
center  of  hinge  to  miter  end.  The  maximum  motor  torque  occurs 
about  one  second  after  the  maximum  head,  due  to  the  increased 
velocity  of  the  gate,  and  is  750  pound-feet  (103.7  mkg.).  Add- 
ing the  machine  friction  makes  the  total  motor  torque  950  pound- 
feet  (131.4  mkg.).  The  curves  also  show  that  the  maximum 
torque  occurs  practically  simultaneously  with  the  maximum 
pressure  on  the  leaf. 

For  salt  water  weighing  64.1  pounds  per  cubic  foot  (1027 
kg.  per  cu.  m.),  the  maximum  pressure  for  the  same  difference 
in  head  is  119,000  pounds  (54,000  kg.),  and  the  corresponding 
total  motor  torque  970  pound-feet  (134.4  mkg.). 

Observations  taken  while  opening  the  leaves  simultaneously 
gave  a  maximum  difference  of  levels,  or  drop  in  the  contracted 
section,  of  0.73  ft.  (0.222  m.),  and  a  motor  torque,  correspond- 
ing, of  1200  Ib-ft.  (166  mkg.).  A  head  of  0.73  ft.  (0.222  m.) 
results  in  a  pressure  on  the  gate  of  154,000  lbs.  (70,000  kg.).  At 
the  time  of  occurrence  of  this  pressure,  the  velocity  of  the  leaf- 
strut  pin  is  67%  of  the  crank-gear  pin,  and  the  gearing  reduction 
is  1660  to  1;  the  motor  torque,  to  overcome  this  difference  in 
pressure,  is  960  Ib-ft.  (132.9  mkg.).  Adding  the  allowance  of 
200  Ib-ft.  (27.7  mkg.),  for  machine  friction  makes  the  total 
torque  1160  Ib-ft.  (160.6  mkg.).  The  motor  stalls  when  the 
torque  exceeds  about  1300  Ib-ft.  (180  mkg.),  and  slows  down 
very  perceptibly  when  this  torque  is  approached;  consequently 
the  torque,  assuming  a  uniform  speed,  would  be  higher  than  the 
observed  torque. 

The  calculated  duty  cycle  sho'svn  in  Pig.  18  was  based  on  a 
uniform  speed  and  a  unity  coeflBcient  for  the  influx.  Experi- 
ments made  on  weirs  indicate  that  the  actual  coefficient  should 
be  about  70%.  By  calculation,  using  a  coefficient  of  70%  in- 
stead of  unity,  the  maximum  head  would  be  0.82  ft.  (0.250  m.) 
occurring  on  the  21st  second.  The  corresponding  pressure  on  the 
gate  leaves  would  be  164,000  lbs.  (74,500  kg.),  and  the  motor 
torque  1020  Ib-ft.   (141.3  mkg.).     Adding  the  200  Ib-ft.   (27.7 
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mkg.)  torque  for  the  various  losses,  the  total  torque  figures  1220 
Ib-ft.  (169  mkg.),  which  slightly  exceeds  the  actual  torque  of 
1200  Ib-ft.  (166  mkg.)  on  account  of  the  slowing  down  of  the 
motor  and  the  resultant  decrease  in  rate  of  displacement.  The 
method  given  will  enable  therefore  very  close  determination  of 
the  factors  involved. 

Acknowledgment  is  gratefully  given  to  Mr.  Maurice  W. 
Fox  for  checking  the  calculations  and  preparing  the  figures 
given  under  this  heading. 


CURRENTS  IN  LOCKS  DUE  TO  DIFFERENCE  OF  SALINITY. 

It  has  been  observed  that  in  all  cases  where  a  gate  is  opened 
after  equalization  between  water  of  differing  salinity  on  its  two 
sides,  there  is  a  heavy  surface  current  from  the  fresh  to  the 
relatively  salty  water. 

An  investigation  was  made  at  Miraflores  locks  to  determine 
the  maximum  average  current  velocity  at  various  depths;  in 
other  words,  to  determine  the  current  velocity  for  ships  of  vari- 
ous drafts.  Seven  telephone  poles,  of  lengths  from  5  ft.  (1.5  m.) 
to  35  ft.  (10.7  m.),  were  assembled  in  Miraflores  Lake  and 
weighted,  so  that  they  would  float  in  a  vertical  position  with  only 
a  foot  or  so  protruding  above  the  surface.  These  floats  were 
locked  through  the  west  flight  of  Miraflores  locks,  from  Mira- 
flores Lake  to  the  sea,  and  the  effects  of  the  currents  noted  by 
plotting  the  positions  of  the  floats  against  time.  In  the  figures 
referred  to,  the  immersion  of  the  floats  in  fresh  water  were  as 
follows : 

A    31.0  ft.     (9.45  m.) 


B 
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E 
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In  all  cases,  the  gates  were  opened  immediately  after  they 
cracked  from  back  pressure,  and  the  floats  were  released  at  the 
center  of  the  chamber,  on  the  north  side  of  the  opening  gates, 
in  a  position  as  near  the  gates  as  a  vessel  would  be  allowed. 
The  lockage  was  made  when  the  Pacific  was  at  low  tide;  the 
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depth  of  water  over  the  sill  of  the  upper  lock  and  over  the  sill 
of  the  lower  lock  was  41  ft.  (12.5  m.),  on  equalization  for  the 
respective  openings  of  gates. 
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Observations  were  made  of  the  currents  set  up  on  opening 
the  upper  gates,  between  Miraflores  Lake  and  the  upper  level; 
on  opening  the  operating  gates  between  the  upper  and  lower 
levels;  and  on  opening  the  lower  gates  between  the  lower  level 
and  the  Pacific  channel. 
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On  the  opening  of  the  upper  gates  (see  Fig.  19),  there  was 
plainly  discernible  a  surface  current  toward  the  lower  end  of 
the  chamber.    This  current  ran  to  the  end  of  the  chamber,  when 


o 


«a|Ak«i^  w  *^<x    9 


a  reverse  current  was  set  up;  the  shorter  floats  traveled  at  the 
rate  of  this  current  and  reversed  with  it  at  the  lower  end  of  the 
chamber.  The  shorter  floats  remained  in  a  vertical  position, 
but  the  longer  floats  leaned  as  much  as  30  degrees  from  the 
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vertical,  and  rose  and  fell  a  distance  of  about  three  feet  (0.9  m.). 
This  indicated  that  the  longer  floats  were  affected  by  a  current 
below  in  a  reverse  direction  from  that  of  the  top  current.    The 
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shorter  floats  remained  in  the  center  of  the  chamber  until  they 
reached  its  end,  but  the  floats  immersed  to  a  depth  greater  than 
20  ft.  (6.1  m.)  drifted  toward  one  side  or  the  other  during  the 
observations.    The  maximum  velocity  was  attained  by  the  sur- 
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face  float  and  amounted  to  1.76  ft.  (0.537  m.)  per  second.  The 
31-ft.  (9.45  m.)  float  had  a  maximum  velocity  of  only  0.29  ft. 
(0.089  m.)  per  second. 

On  opening  the  operating  gate  between  the  upper  and  the 
lower  level  of  the  locks,  with  the  water  in  the  two  chambers 
equalized,  the  effect  on  the  floats  of  respective  lengths  was  prac- 
tically the  same  as  when  the  gate  was  opened  between  the  lake 
and  the  upper  level  (see  Fig.  20),  except  that  the  floats  traveled 
at  a  faster  rate.  The  maximum  velocity  was  3.37  ft.  (1.027  m.) 
per  second  for  the  surface  float,  and  0.59  ft.  (0.180  m.)  per 
second  for  the  31-ft.  (9.45  m.)  float.  This  is  ascribed  to  a 
greater  difference  in  density  of  water  on  the  two  sides  of  the 
gate  than  was  the  case  in  locking  the  floats  from  the  lake  to  the 
upper  level. 

The  strongest  currents  were  obtained  on  opening  the  lower 
gates,  between  the  lower  level  and  the  sea  (see  Fig.  21).  Since 
there  was  no  obstruction  to  the  outward  flow  of  the  relatively 
fresh  water,  there  was  no  reverse  surge  on  the  surface.  There 
was,  however,  a  steady  decrease  of  speed  as  the  f orebay  widened. 
The  maximum  velocity  was  4.1  ft.  (1.25  m.)  per  second  for  the 
surface  float  and  1.11  ft.  (0.341  m.)  per  second  for  the  31-ft. 
(9.45  m.)  float. 

In  the  test  at  the  lower  end  of  the  locks,  the  shorter  floats 
floated  down  the  center  of  the  locks,  turning  to  the  west  on  leav- 
ing the  forebay.  The  tendency  to  float  to  the  west  on  leaving 
Miraflores  locks  had  been  observed  before  in  barges  and  other 
vessels  of  light  draft,  and  the  path  taken  by  such  vessels  when 
allowed  to  drift  free  was  the  same  as  that  of  these  floats.  The 
two  shorter  floats  remained  in  a  vertical  position  throughout  the 
operation,  but  the  others  had  at  times  an  inclination  as  great 
as  30  degrees.  At  low  tide  the  current  values  are  much  less 
than  for  high  tide;  the  observations  presented  therefore  were 
obtained  under  the  most  favorable  conditions. 

THEORETICAL  VALUES  OF  CURRENTS  DUE  TO  DIFFERENCE  OP 

SALINITY. 

Considering  the  condition  at  the  lower  end  of  Miraflores 
locks,  the  water  in  the  chamber  on  the  upstream  side  of  the 
lower  gate  is  relatively  fresh  to  the  salt  water  in  the  channel 
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below  the  gate.  The  chamber  is  kept  in  communication  with 
the  channel  by  the  main  culvert.  For  a  state  of  equilibrium,  the 
pressure  on  the  plane  of  the  culvert  outlet  due  to  the  salt  water 
in  the  channel  must  balance  that  due  to  the  water  in  the  chamber. 
The  plane  of  balanced  pressures  is  called  the  neutral  plane.  For 
all  planes  above  the  neutral  the  pressure  due  to  the  column  of 
relatively  fresh  water  exceeds  that  due  to  the  column  of  salt 
water,  and  for  all  planes  below  the  neutral  the  pressure  due  to 
the  salt  water  is  the  greater.  Consequently  when  a  gate  is  opened 
having  a  diflTerence  of  salinity  of  water  on  its  two  sides  the 
relatively  fresh  water  flows  downstream  above  the  neutral  plane, 
and  the  salt  water  flows  upstream  into  the  chamber  below  the 
neutral  plane.  The  velocities  of  the  currents  thus  produced  are 
formulated  as  follows: 

Let  K  be  the  ratio  of  density  of  the  salt  to  the  relatively 
fresh  water; 

Let  w  be  the  unit  weight  of  the  relatively  fresh  water; 

Let  -ffi  be  the  initial  height  of  the  salt  water  above  the 
neutral  plane ; 

Let  -ff,  be  the  initial  depth  of  the  salt  water  below  the 
neutral  plane ; 

Let  a  be  any  distance  from  the  neutral  plane  between  H^ 
and  JTj.  Then  KH^  is  the  height  of  the  relatively  fresh  water 
above  the  neutral  plane,  and  (J?i-a)  Kw  is  the  total  pressure  on 
a  plane  a  distant  from  the  neutral,  due  to  the  column  of  salt 
water  above  such  a  plane,  and  {KH^-a)  w  is  the  corresponding 
pressure  due  to  the  relatively  fresh  water,  and  aw  {K-1)  is  the 
difference  in  pressure  tending  to  cause  flow,  and  a  (JfiC-l)  is  this 
pressure  expressed  in  terms  of  equivalent  water  column. 

The  velocity  v  at  a  plane  a  distant  from  the  neutral  plane  at 
the  time  of  opening  the  gate  is  therefore 


v^CV2ga{K—\) 

The  neutral  plane  is  fixed  at  elevation  —  25  ft.  (7.62  m.)  by 
means  of  the  special  culvert  outlet  previously  referred  to.  At 
high  tide,  +  10  ft.  (3.05  m.),  the  value  of  H^  is  35  ft.  (10.68  m.). 
The  elevation  of  the  gate  sill  is  — 50  ft.  (15.25  m.)  and  the 
corresponding  value  of  E^  is  25  ft.  (7.62  m.).  The  maximum 
value  of  K  from  a  number  of  observations  taken  of  the  initial 
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difference  in  level  on  the  two  sides  of  the  lower  gates  is  1.02. 
Fig.  22  shows  the  initial  values  of  the  fresh  and  salt  water  cur- 
rents at  all  depths  for  the  conditions  mentioned  as  obtained  from 
the  formula  given,  using  the  maximum  value  of  K  and  assuming 
the  coefficient  C  as  unity. 

The  total  initial  rate  of  influx  or  efflux  is  determined  by 
integration  of  the  velocity  curve  as  follows : 

c« 

Q=G)V2g{K—l)  Wa^ila 
o 

in  which  W  is  the  width  of  the  locks,  110  ft.  (33.55  m.). 

Q Efflux  =  |- C  ^1*  Wy/2gi^K—\) 

Q Influx  =  ^CH2^  WV2g{K-'\) 

» 

substituting  the  values  for  conditions  shown  in  Fig.  22. 

The  initial  rate  of  efflux  of  fresh  water  from  the  chamber  is 
17,300  cu.  ft.  (490  cu.  m.)  per  second. 

The  initial  rate  of  influx  of  salt  water  into  the  chamber  is 
10,400  cu.  ft.  (294  cu.  m.)  per  second. 

The  efflux  being  6900  cu.  ft.  (196  cu.  m.)  per  second  greater 
than  the  influx  results  in  a  lowering  in  the  level  of  the  fresh 
water  in  the  chamber  of  0.056  ft.  (0.0171  m.)  the  first  second  and 
causes  the  neutral  plane  to  move  up,  thereby  decreasing  the  rate 
of  efflux  for  the  next  second.  In  this  manner  the  neutral  plane 
very  quickly  assumes  a  midway  position. 

The  importance  of  the  special  form  of  culvert  outlet  used  is 
strongly  emphasized,  not  only  on  account  of  it  limiting  the  un- 
balanced pressures  on  the  gates,  but  also  that  it  establishes  a 
neutral  plane  and  in  that  manner  reduces  the  initial  velocities 
of  the  fresh  salt  water  currents.  As  it  is,  the  quantities  of  water 
set  in  motion  by  these  currents  equal  those  due  to  full  culvert 
discharge  into  the  tail  bay. 

COMPARISON  OF  THEORETICAL  WITH  ACTUAL  CURRENTS  AND 

EFFECTS  ON  VESSELS. 

If  a  set  of  locks  is  used  continuously  for  lockages  in  one 
direction  and  the  fresh  watet  is  each  time  displaced  by  salt 
water  in  the  lower  chamber,  the  current  values  will  be  less  than 
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if  an  up  lockage  is  followed  by  a  down  lockage,  as  the  relative 
densities  between  the  lower  chamber  and  the  sea  will  be  greater 
in  the  latter  case  than  in  the  former.    The  maximum  velocities 
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for  low  tide  are  less  than  for  high  tide,  assuming  the  value  of 
K  »>  1.02,  and  that  the  neutral  plane  shifts  immediately  to  a 
midway  position;  the  value  for  the  initial  maximum  surface 
current  for  low  tide  is  then  5.2  ft.  (1.586  m.)  per  second,  and  for 
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high  tide  6.3  ft.  (1.921  m.)  per  second  (values  obtained  from 
Pig.  22). 

Fig.  23  shows  the  values  of  the  surface  currents  for  a  value 
of  jK^  ==  1.02,  as  obtained  from  gaging,. for  a  low  tide  of  —  7  ft. 
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(2.135  m.)  and  high  tide  of  +  8  ft.  (2.44  m.).  The  maximum 
surface  velocity  for  the  low  tide  of  —7  ft.  (2.135  m.)  is  4.4  ft. 
(1.342  m.)  per  second,  the  theoretical  value  is  5.2  ft.  (1.586  m.) 
per  second;  C  is  therefore  85%. 
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The  maximum  surface  velocity  for  a  tide  of  +  8  ft.  (2.44 
m.)  is  6.2  ft.  (1.891  m.)  per  second,  the  theoretical  value  is  the 
same,  or  C  is  100%.  Gagings  were  also  made  at  a  depth  of  4.5 
ft.  (1.372  m.)  below  the  surface,  from  the  time  of  opening  the 
gates  until  the  flow  ceased,  for  a  falling  tide  of  —  3  ft.  (0.915 
m.).  The  maximum  observed  current  was  4.65  ft.  (1.418  m.) 
per  second,  and  the  theoretical  current  for  this  tide  and  depth 
of  observation  was  5.1  ft.  (1.555  m.)  per  second  j  the  value  of  C 
is  therefore  91%. 

The  pole-float  tests  previously  discussed  were  made  at  low 
tide.  The  value  of  K  was  not  observed  but  is  assumed  as  equal 
to  1.02.  Comparing  the  values  of  current  obtained  from  these 
tests  to  the  theoretical  values : 


Immersion 

Maximum  Velocity 

Theoretical  Velocity 

Ft. 

M. 

Ft. 

M. 

Ft. 

Meters 

per  sec. 

per  sec. 

per  sec. 

per  sec. 

Values  of  C 

0 

(0) 

4.40 

(1.342) 

5.2 

(1.586) 

85% 

5 

(1.525) 

4.03 

(1.229) 

4.76 

(1.451) 

84% 

10 

(3.05  ) 

3.3 

(1.006) 

4.39 

(1.339) 

75% 

15 

(4.575) 

2.61 

(0.784) 

3.95 

(1.205) 

66% 

20 

(6.10  ) 

1.88 

(0.573) 

3.38 

(1.031) 

55.5% 

25 

(7.625) 

1.38 

(0.421) 

2.37 

(0.723) 

58% 

30 

(9.15  ) 

1.11 

(0.339) 

1.46 

(0.445) 

76% 

The  above  tests  show  the  average  maximum  velocity  for  the 
immersion  given;  the  theoretical  velocity  was  obtained  by  inte- 
gration of  the  velocity  curve  between  the  proper  limits  and  then 
obtaining  the  average  from  this  integration. 

In  the  1914  Annual  Report  of  the  Isthmian  Canal  Com- 
mission, and  included  under  the  report  of  the  Engineer  of  Main- 
tenance, are  given  the  results  of  a  number  of  tests  made  by  the 
Chief  Hydrographer  to  ascertain  the  value  and  direction  of 
these  currents  at  various  depths.  The  tests  were  made  at  about 
mean  tide  and  for  the  usual  condition  of  operati(Hi,  so  that  the 
value  of  K  was  less  than  1.02.  Unfortunately  the  value  of  K  was 
not  determined  for  the  various  tests ;  in  fact  the  tests  were  made 
principally  to  determine  the  direction  at  various  depths.  The 
directions  and  relative  velocities  for  various  depths  obtained 
practically  agree  with  the  theory  presented  for  the  initial  cur- 
rent values.  The  average  value  of  the  surface  current  was  found 
to  be  2  ft.  (0.61  m.)  per  second,  and  the  average  velocities  at  the 
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various  depths  in  theoretical  proportion.  These  tests  showed  that 
the  neutral  plane  remained  at  the  same  elevation  during  the 
entire  flow  and  at  a  position  of  average  depth. 

Referring  to  Fig.  23,  the  average  surface  velocity  for  high 
tide  of  +  8  ft.  (2.44  m.)  is  2.51  ft.  (0.766  m.)  per  second,  and  the 
average  surface  for  low  tide  of  —7  ft.  (2.135  m.)  is  1.89  ft. 
(0.576  m.)  per  second.  Assuming  that  the  neutral  plane  re- 
mains at  a  position  of  average  depth  and  that  the  average  ve- 
locities are  in  proportion  to  the  theoretical  initial  velocities  as 
indicated  by  the  tests  mentioned,  the  duration  of  the  currents 
can  be  calculated  as  in  Table  III. 

The  calculated  time  for  high  tide  checks  well  with  the  actual 
time,  but  for  low  tide  the  calculated  time  is  considerably  in 
excess  of  the  actual  time.  This  diflEerence  may  be  due  to  a  slight 
southerly  breeze  and  the  rising  tide  affecting  meter  readings.  In 
the  tests  mentioned  in  the  Annual  Report,  the  duration  of  the 
currents  was  approximately  30  minutes,  and  the  average  surface 
velocity  2  ft.  (0.61  m.)  per  second.  The  corresponding  time 
obtained  by  calculation  is  27.7  minutes. 

Special  equipment  for  the  further  measurement  and  study 
of  these  currents  has  been  requisitioned.  Unfortunately,  how- 
ever, it  has  not  arrived  on  the  Isthmus  at  the  date  of  writing, 
and  the  subject  must  be  gone  into  more  extensively  at  some 
future  date.  The  data  presented  however  show  that  currents 
may  be  expected  having  a  maximum  value  of  80%  to  90%  of 
the  theoretical,  and  an  average  value  of  approximately  40%  of 
the  theoretical  initial  value,  and  that  the  duration  of  the  currents 
can  be  computed  by  dividing  the  total  initial  volume  of  water 
in  the  chamber  by  the  average  efflux  obtained  by  taking  40% 
of  the  theoretical  initial  efflux. 

At  the  top  of  Fig.  21  is  a  single  line  sketch  showing  the 
relative  positions  of  the  lock  gates,  wing,  and  approach  wall  at 
the  lower  end  of  Miraflores  locks.  The  wing  waU  is  built  at  an 
angle  of  30°  to  the  axis  of  the  locks.  The  fresh  water  currents 
from  the  locks  spread  out  as  soon  as  the  wing  wall  is  reached 
and  tend  to  throw  a  vessel  crosswise  of  the  tail  bay.  This  tend- 
ency is  so  strong  that  it  is  not  safe  to  bring  large  vessels  into  the 
chamber  under  present  conditions  until  the  fresh  salt  water  cur- 
rents cease,  which  results  in  a  delay  of  20  to  30  minutes.    Ships 
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of  450  ft.  (137.2  m.)  and  under  can  be  safely  handled  as  the 
locomotives  are  powerful  enough  to  resist  the  tendency  men- 
tioned. It  is  found  advisable,  however,  to  also  use  the  vessel's 
power  in  addition.  The  main  danger  in  bringing  a  vessel  in  is 
the  possibility  of  its  side  striking  the  comer  of  the  wing  wall 
and  of  the  bow  colliding  with  the  gate  leaves.  To  make  such  a 
position  impossible  the  authorities  are  considering  the  installa- 
tion of  dolphins  or  other  device  placed  in  the  tail  bay  in  such  a 
manner  that  should  a  vessel  start  to  assume  a  crosswise  position 
the  dolphins  will  arrest  the  motion  and  no  harm  can  result. 
There  is  some  question  if  it  would  not  have  been  advisable  to 
build  the  wing  wall  in  such  a  manner  that  a  vessel  could  be 
brought  up  close  enough  to  the  gates  so  that  when  the  gates  are 
opened  the  fresh-water  current  from  the  lock  would  not  spread 
until  after  passing  the  stem  of  the  ship. 

At  Qatun  locks  the  depth  of  water  in  the  tail  bay  is  prac- 
tically constant,  the  tidal  fluctuations  being  less  than  2  ft.  (0.61 
m.).  The  side-culvert  outlet  is  placed  at  elevation  — 20  ft. 
( — 6.10  m.),  the  mid-depth  position.  For  like  relative  densities 
the  currents  would  be  the  same  as  for  the  best  condition  of  op- 
eration at  Miraflores  locks  or  extreme  low  tide.  The  relative 
densities  between  the  lower  chamber  and  the  sea  are  less  at  Gatun 
than  at  Miraflores,  as  the  fresh  water  is  locked  down  three  flights 
at  Gatun  and  only  two  at  Miraflores.  In  addition,  the  approach 
wall  is  not  a  solid  wall,  as  is  the  case  at  Miraflores,  but  is  made 
up  of  a  series  of  arches.  This  enables  the  current  to  spread  in 
both  directions  and  greatly  lessens  the  tendency  mentioned,  so 
that  the  conditions  do  not  assume  the  seriousness  of  those  at 
Miraflores. 

The  current  from  the  lower  locks  to  sea  also  makes  it  some- 
what difficult  for  a  vessel  to  leave  the  locks  in  it,  as  there  is  a 
very  strong  tendency  to  carry  the  vessel  over  toward  the  wing 
wall  and  the  bank  of  the  canal.  The  vessel  can  be  held  until  the 
current  subsides  in  the  lock  chamber,  but  this  means  the  delay 
of  20  to  30  minutes.  Accordingly,  the  plan  adopted  is  to  bring 
the  vessel  up  to  speed  with  the  locomotives  and  cast  off  the  lines 
in  the  chamber.  The  vessel  can  then  pick  up  sufficient  steerage 
way  before  leaving  the  locks  to  care  for  itself. 
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The  study  of  the  electrical  and  mechanical  requirements 
for  the  Panama  Canal  was  unhampered  by  previous  installa- 
tions which  might  affect  the  selection  of  the  type  of  apparatus, 
or  of  the  system  for  transmission  of  energy.  The  preliminary 
studies  indicated  that  the  electrical  system  of  transmitting 
power  to  the  apparatus  required  for  the  locks  and  spillways 
had  decided  advantages  over  the  hydraulic  or  air  systems  hith- 
erto used  extensively.  The  conservation  of  water  was  con- 
sidered an  important  item  and  it  led  to  the  adoption  of  the  Con- 
struction Power  Plants,  with  the  idea  of  making  them  available 
as  reserve  stations.  Thus  in  1907-8,  when  the  Construction 
Power  Plants  were  purchased,  the  electrical  system  with  a  fre- 
quency of  25  cycles  per  second  was  the  starting  point  of  the 
present  instaUation. 

DISTBIBUTION  OF  POWEB. 

Hydro-Electric  Station. 

The  principal  power  station  is  located  at  the  Gatun  spill- 
way and  consists  of  three  2000-kilowatt,  3-phase,  25-«ycle,  2200- 
volt  generating  units  direct  connected  to  hydraulic  turbines, 
operating  at  250  revolutions  per  minute.  The  water  is  drawn 
from  the  forebay  in  Gatun  Lake  and  discharged  into  the  spill- 
way channel  at  about  eight  feet  above  sea-level.  Due  to  the 
fluctuations  of  Gatun  Lake,  the  average  yearly  head  will  be 
approximately  77  feet.  The  design  of  the  installation  is  such  as 
to  provide  for  three  turbine  units,  and  an  extension  of  three 
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additional  units  may  be  made  in  the  future.  The  boildingB  with 
the  machinery  and  electrical  equipment  are  laid  out  on  the 
unit  principle.  Each  unit  consists  of  a  headgate,  penstock,  tur- 
bine, generator,  governor,  exciter,  oil  switch  and  control  panel. 

The  alignment  of  the  penstock  is  such  that  it  is  entirely 
covered  by  the  fill  of  Gatun  Dam.  The  penstocks  are  con- 
structed of  riveted  steel  plates  covered  with  concrete,  for  pro- 
tection against  external  corrosion  and  to  strengthen  them 
against  the  superimposed  earth  pressures. 

The  turbo- generator  units  are  of  the  vertical  type,  the 
entire  weight  of  the  rotating  element  being  supported  by  the 
top  shield  of  the  generator,  by  means  of  an  overhung  roller 


Okton  HjdrO-ElMtile  Stitloii. 
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thrust  bearing.  The  turbine  is  of  the  spiral-casing,  one-runner, 
Francis  type.  The  generator  is  separated  from  the  turbine  by  a 
circular  distance  ring  of  sufficient  height  to  permit  the  mount- 
ing of  a  direct-connected  exciter  between  the  two  elements. 
This  arrangement  was  adopted  in  lieu  of  separate  turbo-exciters. 
In  addition  to  the  three  direct-connected  exciters,  two  motor- 
driven  units  of  100  kilowatts  each  have  been  provided.  The 
exciters  operate  normally  at  125  volts. 

The  main  control  switchboard  is  located  on  the  second 
gallery,  from  which  the  operator  may  view  the  entire  main 
apparatus.     The  switchboard  operator  controls  all  switching 
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operations  remotely,  including  the  highrtetision  switches,  ex- 
citer bases,  governors,  rheostats,  field  circuit-breakers  and  the 
head  gates.  For  further  details  refer  to  Figs.  1  to  5,  inclusiTO. 
Reserve  Station. 

In  the  event  of  a  total  shut  down  of  the  transmission  sys- 
tem between  the  Atlantic  and  Pacific  ends  of  the  Canal,  or  in 
the  event  of  a  water  shortage,  the  Construction  Power  Plant 
erected  in  1908  at  MiraSores  locks  will  be  used  as  a  reserve 


Fig.  Z.     Gtatan  Hydio-BlsetTlo  Station. 
Tha    tnrbo-Eeiieraton    are    of    1 
capacltj,  3200  Tolts,  25  ejcle*.  opai 

station.  This  station  is  bnilt  on  the  unit  principle  and  contains 
four  1500-kilowatt  Curtis  steam  turbo-generators  with  auxil- 
iaries and  eight  water-tnbe  boilers  arranged  in  groups  of  two. 
The  generators  deliver  3-phase  carrent,  25-cycle,  2200-volt,  and 
are  excited  from  a  12&-volt  exciter  system. 

By  means  of  the  substations  and  traufimission  lines 
described  later,  the  Gatun  hydro-electric  station  and  the  Mira- 
flores  steam  station  may  operate  in  parallel  in  the  usual  manner. 
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Transmission  System. 

On  aecount  of  the  nndesirability  of  crossing  the  canal 
locks  with  an  overhead  transmission  line,  the  feeders  from  the 
Gatun  hydro-electric  station  are  run  in  duplicate  duct  lines 
from  the  station  across  Gatun  dam,  under  Gatun  locks  in 
tunnels,  to  the  step-up  transformer  substation  located  on  the 
east  side  of  the  upper  level  of  Gatun  locks. 
Oatun  Substation. 

In  the  Gatun  substation  (Pig.  6)  the  electrical  energy  is 
received  at  2200  volts  and  transfortned  to  44,000  volts,  at  which 


Oaton  Hydro-Elactdc  Sbttton. 
lea   ire    located   an    the   top    or   second   gillerj,    Irom 


it  is  transmitted,  over  a  duplicate  aerial  transmission  line,  from 
Cristobal  on  the  Atlantic  Ocean  to  Balboa  on  the  Pacific,  a 
distance  of  about  47  miles.  The  Gatun  substation  is  also  used 
to  distribute  electrical  energy  locally  to  the  town  of  Gatun,  to 
Agua  Clara  water-works,  and  for  general  use.  In  the  event 
that  the  current  is  generated  in  the  Miraflores  station,  the 
Gatun  substation  is  used  to  step  down  the  pressure  received 
nominally  at  44,000  volts  and  distribute  it,  in  addition  to  points 
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mentioned  above,  to  the  Gatun  locks.  The  substation  is 
equipped  with  a  distributing  switchboard,  oil  switches  and 
three  2000-kilowatt  3-phase  oil-  and  radiator-type  transformers 
with  auxiliaries.  The  building  is  of  rectangular  design  to 
accommodate  four  transformer  units.  (For  further  details 
refer  to  Piga.  7  and  8.) 
Cristobal  Substation. 

The  building  of  the  Cristobal  substation  is  a  duplicate  of 
the  Gatun  substation.  At  present,  however,  only  two  trans- 
former units  are  installed.  The  principal  peak  load  on  the 
substation  is  the  demand  from  the  Cristobal  coaling  plant,  and 


Fig.  4.      Ofttnn  HjdTO-Electilc  StKtlan. 
The  gensntor  t«>dg   are    eonosctsd   to   rsactincs   coiU   locsled   on    the    leeond 
■■11017,  (hence  to  current  tnnaronaere  sad  oil  ■wilchee  lout«d  id  the  middle  uid 
lett'lund  eODcrete  campartmeiite  reepeetlTil]'. 

the  favorable  steady  load  is  that  of  the  Mount  Hope  water 
works.  The  current  is  also  used  for  operating  the  Cristobal 
dry-dock  shops  and  for  general  use  in  Cristobal  and  Colon. 

The  capacity  of  the  Cristobal  coaling  plant  has  been 
increased  and  it  is  very  likely  that  the  demand  for  coaling 
ships  will  be  such  that  another  transformer  unit  will  be  neces- 
sary to  handle  the  peak  load   satisfactorily,  with  a  unit  in 
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Bliraflores  Sabstation. 

The  Mirafilores  substation  is  located  adjacent  to  the  steam 
station  erected  in  1908-9.  It  is  in  practically  all  respects  a  dupli- 
cate of  the  Gattm  substation.  The  principal  feeders  radiate  to 
the  Miraflores  locks  and  spillway,  Pedro  Mi^el  locks  and  town 
site,  and  Miraflores  water  purification  plant.  The  steam-station 
high-tension  switches  and  control  are  located  in  the  substation. 
The  distributed  load  is  such  that  two  transformer  units  would 


E.     Oitnn  HTilro-BlMtTle  I 


have  been  sufficient,  but,  on  account  of  the  duty  imposed  on  this 
substation  due  to  shortage  of  water,  it  was  necessary  to  trans- 
form the  output  of  the  reserve  steam  station. 
Balboa  Snbstatioii. 

The  Balboa  substation  is  located  near  the  center  of  load 
and  is  also  a  duplicate  of  the  Qatun  substation.  The  peak 
demand  on  this  substation  is  severe,  due  to  the  motor-driven 
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dry-dock  pumps.  These  pumps  are  estimated  to  demand  a 
maximum  of  about  4000  horsepower  for  a  period  of  2V^  hours, 
whenever  the  dry  dock  is  unwatered.  The  Balboa  coaling- 
plant  demand,  although  not  as  severe  as  the  larger  Cristobal 
counterpart,  is  nevertheless  of  eonsiderable  magnitude.  The 
normal  load  of  the  Balboa  shops  is  comparable  to  an  ordinary 
machine  shop  working  a  portion  of  the  tools  only,  and  the 
abnormal  demand  will  occur  when  the  shops  are  used  for  repair 
work  in  times  of  maximum  activity.  The  motor-driven  pumps 
for  the  water-works  system  of  Balboa,  Ancon  and  the  City  of 


Ftg.  6.    Omub  SatatattoD. 
nct>a(iilu   deilin    to    iccommodkti    four   SODO-kHoWklt 

Panama  will  demand  a  relatively  constant  supply  ranging  over 
many  hours,  similar  to  installations  furnishing  water  to  a  diver- 
sified community.  In  addition  to  the  above  load  there  is  a 
demand  for  general  purposes,  inctndiug  the  lighting  system  of 
Balboa  and  Ancon,  and  furnishing,  temporarily,  power  for  the 
Panama  tramways  system. 
Gamboa  Snbstatioii. 

The  permanent  water  supply  for  the  southern  end  of  the 
Canal  towns  is  obtained  from  Chagres  River  Yalley,  east  of  the 
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Canal,  where  the  Gamboa  pumping  plant  is  installed.  The  sub- 
station consists  of  two  500-kilowatt  transformers  and  the  aux- 
iliary equipment  for  transforming  the  transmission  line  volt- 


Omtaa  SnbtUUaD. 


age  from  44,000  to  2200  volts,  three-phase  at  the  bus.  A  2200- 
volt  feeder  is  carried  to  the  gravel  wharf,  where  it  is  trans- 
formeti  by  a  rotary  converter  equipment  to  550  volts  direct 
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current  for  use  of  the  unloaders.     This  equipment  was  origin- 
ally used  at  the  Balboa  sand  wharf. 
Darien  Snbstatioii. 

A  high-powered  wireless  station  is  located  near  the  railroad 
line  about  twenty-five  miles  from  Colon,  where  Darien  sub- 
station is  erected.  It  is  a  small  substation  of  400  kilowatts, 
which  transforms  the  transmission  line  pressure  from  44,000  to 
440  volts,  three  phase. 
Transmission  ZJne  Structure. 

The  study  of  the  type  of  transmission-line  structure  in- 
volved features  not  usually  encountered  elsewhere.    As  will  be 


Fig.  B.     Ofttnn  BnbiUttim. 
FroDl  view  of  msin  swiichbosrd  lovnted  on  the  groand  floor. 

seen  from  the  paper  presented  on  the  Panama  Railroad,  the 
country  is  very  rugged.  To  use  a  path  for  the  transmission 
line  independent  of  the  railroad,  required  large  expenditure 
for  clearing,  not  only  in  first  cost,  but  in  maintenance.  To 
follow  the  line  of  the  railroad  demanded  that  the  structures 
should  not  interfere  with  the  proper  function  of  the  railroad. 
The  width  of  the  embankment,  especially  through  the  lake 
region,  precluded  structures  with  the  required  base  being 
placed  on  one  side  of  the  railroad  line,  without  incurring  an 
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abnormal  expense  for  foundations.  The  track-span  bridges 
which  are  adopted  meet  the  various  conditions  satisfactorily. 
It  is  true  that  more  steel  is  required  in  this  structure  than  would 
be  necessary  for  a  line  placed  entirely  on  one  side  of  the  rail- 
road line,  but  this  is  compensated  for  by  the  reduced  cost  of 
foundations,  low  cost  of  erection,  absence  of  crossing  the  rail- 
road with  wires,  and,  further,  it  provides  a  ready  means  for 
electrifying  the  Panama  Railroad  when  it  becomes  advan- 
tageous to  do  so.  For  further  details  refer  to  Fig.  6  and  to 
Fig.  12  of  **The  Reconstruction  of  the  Panama  Railroad",  by 
Frederick  Mears. 

DISTEIBUTION  AT  LOCKS. 

It  has  been  the  aim  to  design  the  distribution  system  for 
the  locks  on  the  basis  of  ** continuity  of  service".  In  all  cases 
where  it  was  feasible  a  duplicate  service  has  been  provided, 
through  independent-duct  lines,  or  by  separating  the  feeders  as 
much  as  possible  in  single-duct  lines. 
Gkitun  Locks. 

The  Gatun  locks  are  served  from  the  hydro-electric  station 
at  2200  volts,  one  set  of  feeders  entering  at  the  head  of  the 
locks  and  a  second  set  of  feeders  at  the  foot  of  the  lower  locks. 
The  incoming  feeders  connect  to  a  switchboard,  from  which 
feeders  are  distributed  to  the  transformer  rooms,  situated  be- 
neath the  coping  level  of  the  locks.  The  feeders  entering  the 
head  of  the  locks  feed  the  successive  transformer  rooms,  four 
per  wall,  toward  the  foot  of  the  locks,  and  the  feeders  enter- 
ing the  foot  of  the  lower  locks  feed  the  same  transformer  rooms 
in  the  opposite  direction.  This  method  should  insure  contin- 
uity of  service  under  ordinary  conditions,  but,  in  the  event  of 
very  extreme  conditions,  it  is  possible  to  remove  the  inter- 
locking bar  of  the  transformer  switches  and  tie  together  the 
main  and  auxiliary  buses,  and  thus  feed  the  transformer  room 
next  to  it  over  the  second  cable.  In  this  extreme  case,  when 
the  removal  of  the  interlocking  bars  is  resorted  to,  the  trans- 
former room  nearest  the  incoming  feeder  has  a  choice  of  three 
feeders,  and  the  intermediate  transformer  rooms  have  a  choice 
of  four  feeders.  It  is  inconceivable,  however,  that  such  use  wiU 
have  to  be  made  to  obtain  continuity  of  service. 
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Transformer  Rooms. 

In  the  design  of  the  locks,  for  economical  reasons,  the 
various  machines  were  required  to  be  placed  in  well  defined 
groups  at  the  upper  and  lower  ends  of  each  lock  wall.  For 
the  three  locks  in  flight  at  Qatun  these  groups  are  supplied  by 
four  transformer  rooms  per  lock  wall,  or  a  total  of  sixteen. 
The  groups  of  machines  for  the  center  wall  could  be  supplied 
by  four  transformer  rooms  economically,  but,  since  the  locks 
are  in  duplicate,  the  transformer  rooms  for  the  center  wall  are 
likewise  in  duplicate.  The  feeders  are  arranged  in  such  a 
manner  that  one  flight  of  locks  may  be  put  out  of  commission 
without  affecting  the  operation  of  the  duplicate  flight.  Each 
transformer  room  is  equipped  with  one  50-kilowatt  single-phase 
lighting  transformer;  two  200-k.v.a.  oil-cooled,  three-phase 
transformers ;  a  2200-volt  switchboard ;  a  220-volt  switchboard, 
and  protective  devices.  The  2200-volt  switchboard  is  equipped 
with  two  sets  of  buses,  either  one  of  which  may  be  used  to  con- 
nect to  the  transformers.  A  main  and  an  auxiliary  bus  are  also 
provided  on  the  low-tension  switchboard,  and  the  low-tension 
feeders  are  connected  to  double-throw  knife  switches. 

Power  Feeders. 

The  feeders  to  the  control  boards  of  the  motors  are  rela- 
tively short  and  are  not  in  duplicate.  The  insulation  of  the 
cable,  however,  is  of  the  same  grade  as  that  used  for  the  2200- 
volt  cable,  so  that  a  break-down  of  the  insulation  is  minimized 
to  a  great  extent.  Another  reason  for  the  omission  of  duplicate 
feeders  is  the  fact  that  usually  another  machine  of  the  group  is 
close  at  hand,  which  makes  it  feasible  to  install  temporary  con- 
nections  from  a  serviceable  feeder  in  a  short  time. 

Lighting. 

In  each  transformer  room  a  50-kilowatt  2200-110-220-volt 
transformer  is  installed,  for  the  purpose  of  furnishing  the 
energy  for  the  lighting  of  the  operating  tunnels,  machine 
rooms,  and  general  exterior  illumination  of  the  locks.  The  dis- 
tribution center  is  a  part  of  the  low-tension  switchboard.  The 
feeders  to  the  distributing  cabinets  are  connected  in  the  usual 
manner,  and  operated  locally.  The  exterior  lighting  circuits, 
however,  are  equipped  with  remote-controlled  switches  operated 
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from  the  central  control  house  described  later.     For  further 
details  refer  to  Plates  I  and  II  and  Figs.  9  to  11  inclusive. 
Pedro  Miguel  Locks. 

The  description  of  the  installation  for  the  Gatun  locks 
applies  also  to  the  Pedro  Miguel  locks,  with  the  exception  that 
only  eight  transformer  rooms  are  required.  The  power  is  trans- 
mitted from  the  Miraflores  substation  through  cables  placed  in 
underground  duct  lines. 


t  b«  lowered  In  lb  a 


Uiraflores  Locks. 

Miraflores  locks  consist  of  two  duplicate  locks  in  Sight, 
and  require  therefore  twelve  transformer  rooms  to  obtain  the 
same  electrical  service  as  that  described  for  Qatun  locks.  The 
power  is  derived  from  the  Miraflores  substation  through  cables 
placed  in  duct  lines,  which  in  their  course  cross  the  body  of  the 
Miraflores  spillway  dam. 


248 


ELEGTRIOAL  AND  MEOHANIOAL  INSTALLATIONS 


^i 


i 


o 

• 

o 
o 
oa 

01 


9 

Q 

I 
I 


I 


ELEOTTtlOAL  AND  UEOHANIOAL  INSTALLATIONS  248 

MACHINEEY  FOK  THE  OPERATION  OP  THE  LOCKS  AND 
SPILLWAYS. 
A  general  idea  of  the  Dumber  of  machineB  installed  for 
the  operation  of  the  locks,  and  their  relative  location,  may  be 
obtained  by  referring  to  Plate  III,  each  number  representing  a 
machine.  It  was  required  that  no  machineiy  should  project 
above  the  coping  of  the  locks.  It  was  desired  to  design  the 
machinery  in  such  a  manner  that  it  would  be  accessible  at  all 


times  for  inspection,  could  be  installed  and  repaired  with  the 
aid  of  a  crane  from  the  top  of  the  coping,  would  require  the 
minimum  amount  of  attention  during  operation,  and  that  the 
least  number  of  moving  parts  be  submerged  in  water.  Accord- 
ingly, the  types  of  machines  were  limited  to  a  great  extent. 
On  account  of  the  grouping  of  the  machines  it  was  advis- 
able to  connect  the  compartments  by  passages  below  the  coping. 
The  drainage  of  the  coping  and  machinery  rooms  required  that 
adequate  culverts  be  supplied,  extending  the  entire  length  of 
the  lock  walls.     The  duct  lines  for  the  electric  cables  are  re- 
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quired  for  practically  the  entire  length  of  the  lock  walls.  Fur- 
ther, it  is  less  expensive  to  group  the  drainage  culvert,  duct 
lines  and  operating  tunnel  than  it  is  to  provide  equivalent  and 
separate  means  for  accomplishing  the  desired  results.  The  final 
arrangement  for  operating  tunnel,  duct  line,  and  culvert  is 
shown  on  the  drawings  of  various  machines,  and  is  essentially 
an  underground  passageway,  following  the  lock  wall,  between 
the  extreme  locations  of  machines.  Beneath  the  floor  of  this 
tunnel  a  space  is  used  for  the  duct  line,  and  below  this  a 
square  drainage  culvert  is  installed. 
Bising-Stem  Valve  Machines. 

The  rising-stem  valve  machine  is  used  to  manipulate  the 
valves  of  the  main  culverts  controlling  the  water  in  the  locks. 
For  economical  reasons  in  cost  of  masonry,  the  variation  in 
the  location  of  the  culverts,  as  measured  from  the  top  of  the 
coping,  is  as  much  as  twenty  feet.  The  machines  to  operate 
the  valves  for  these  culverts  should,  therefore,  be  able  to  meet 
this  condition  with  the  least  change  in  the  individual  parts. 
In  the  adopted  machine  this  variation  affected  only  the  length 
of  the  valve  stem,  which  was  altered  accordingly.  The  varia- 
tion in  the  location  of  the  culvert  had  no  material  bearing  on 
the  design  of  the  machine  as  to  its  proportions,  and  it  was 
consequently  designed  for  the  maximum  conditions. 

In  a  previous  chapter  describing  the  masonry  it  was  seen 
that  the  valves  are  of  a  well-known  type.  As  a  result  of  some 
experiments  made  on  the  gates  of  the  Chicago  Drainage  Canal 
regulating  works,  it  was  shown  that  the  coeflScient  of  friction 
for  roller  bearings  was  very  much  greater  than  ordinarily  used. 
The  excessive  friction  of  the  gates  tested  was  probably  due  to 
corrosion  of  the  bearing  surfaces,  to  faulty  manufacture,  to 
faulty  alignment,  or  partly  to  all.  These  conditions  are  likely 
to  occur  in  any  valve  from  faulty  construction  of  the  roller 
trains  and  bearing  plates,  or  from  carelessness  in  aligning  the 
parts  during  erection.  The  corrosion  of  the  steel  rollers  and 
bearing  plates  is  a  factor  to  be  considered  as  always  present. 
In  view  of  the  importance  of  the  main  culvert  valves  of  the 
Panama  Canal  locks,  and  the  possibility  that  the  valves  would 
approach  a  condition  similar  to  that  of  the  gates  tested,  it  was 
considered  advisable  to  base  the  estimates  of  power  for  operat- 
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ing  the  valves  on  the  coefficient  0.04.  For  the  side  seals,  which 
are  fabricated  of  spring  bronze  and  slide  on  planed  cast  steel, 
a  coefficient  of  0.25  was  used. 

The  forces  which  were  considered  as  acting  on  the  valve, 
to  resist  the  raising  or  lowering,  were  roller  friction,  friction 
of  side  seals,  friction  of  stufiSng  boxes,  pressure  on  top  seal, 
weight  of  valve,  buoyancy  of  valve,  weight  of  live-roller  train, 
and  weight  of  machinery  applied  directly  to  the  valves.  The 
mechanical  efficiency  of  the  machine  was  considered  of  second- 
ary importance,  when  compared  with  the  safety  and  absolute 
reliability. 

The  length  of  the  water  course  in  the  culverts  is  consid- 
erable. It  was  deemed  essential,  therefore,  to  avoid  **  water 
hammer",  which  is  minimized  by  making  the  machine  self 
locking,  and  by  employing  substantial  members,  as  few  in  num- 
ber as  possible,  between  the  self-locking  member  of  the  machine 
and  the  valve. 

The  cost  of  repairs  on  the  Isthmus  is  considered  above  the 
average,  and  it  was  thought  advisable  to  design  all  the  parts 
with  a  large  factor  of  safety. 

The  corrosion  of  ferrous  metals,  on  account  of  the  extreme 
humidity,  had  to  be  seriously  considered.  To  minimize  the 
effect  on  the  machines,  all  small  members  which  could  not  be 
protected  adequately  were  required  to  be  made  of  non-cor- 
rosive metals.  The  adopted  design  is  shown  in  assembly  on 
Plates  IV,  V  and  VI. 

To  allow  for  the  easy  removal  of  the  valve,  the  machine  is 
supported  on  cast-steel  sub-bases,  which  overhang  the  valve 
recess,  and  which  are  securely  anchored  to  the  concrete  base. 

The  power  is  transmitted  by  a  50-horsepower  motor 
through  miter  and  spur  gears  to  two  revolving  screws,  which 
actuate  a  cross-head  by  means  of  two  bronze  non-revolving  nuts 
attached  to  the  cross-head  and  spaced  to  straddle  the  valve. 
The  valve  stem  is  pinned  to  the  cross-head  equidistant  from 
the  screws,  the  non-revolving  nuts  are  pivoted  to  allow  move- 
ment in  the  plane  of  the  cross-head,  thus  allowing  for  variation 
of  wear  in  the  nuts  and  screws.  The  cross-head  is  guided  at 
the  ends  by  double-flanged  wheels,  which  run  on  planed  rails 
partially  imbedded  in  the  concrete.     Each  revolving  screw  is 
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provided  with  a  self-aligning  roller  thrust  bearing  to  take  the 
weight  of  the  valve  and  its  parts  during  ordinary  operation. 
When,  however,  the  valve  is  held  by  an  obstruction,  and  when 
the  valve  is  seated,  the  force  is  counteracted  by  plain  disc 
thrust  bearings  mounted  at  the  top  of  the  revolving  screws. 
The  bearings  are  so  arranged  that  either  set  may  be  removed 
without  removing  the  screws.  At  the  bottom  the  screws  are 
guided  by  a  self-oiling  bearing  placed  at  the  level  of  the  bulk- 
head. The  non-revolving  nuts  are  lubricated  with  a  heavy  oil 
in  a  container  placed  on  top  of  the  nuts.  In  this  container  a 
scraper  is  mounted  to  remove  the  surplus  lubricant  during  the 
closure  of  the  valve;  thus  the  screws  are  well  protected  from 
corrosion.  The  valve  stem  passes  through  a  water-tight  bulk- 
head which  serves  as  a  guide  at  this  point.  The  lower  end  of 
the  valve  stem  is  attached  to  the  valve  by  means  of  two  pins, 
placed  at  right  angles  in  a  short  connecting  member,  to  take 
up  slight  movements  of  the  valve  in  its  guides.  The  live-roller 
trains  operate  at  one  half  the  speed  of  the  valve.  To  confine 
them  in  proper  relation  to  the  valve,  the  upper  end  of  each 
train  is  connected  to  a  vertical  rod,  which  passes  through  a 
stuflEing  box  in  the  bulkhead.  The  upper  end  of  the  rod  is 
fastened  to  a  sheave.  By  attaching  a  chain  to  the  masonry 
above  the  rod,  passing  the  chain  around  the  sheave  on  the  rod, 
over  a  second  sheave  in  line  above,  and  a  third  sheave  on  the 
bulkhead,  in  line  with  the  crosshead,  where  the  other  end  of 
the  chain  is  fastened,  the  roller  train  is  constrained  to  move 
at  one  half  the  speed  of  the  valve,  and  is  held  in  the  proper 
relative  position  through  the  entire  travel. 

The  valve  rests  on  a  positive  stop  when  in  its  closed  posi- 
tion. Since  it  is  impracticable  to  stop  the  machine  at  the 
moment  when  the  valve  is  seated,  the  cross-head  is  so  designed 
that  the  nuts  can  travel  several  inches  after  the  valve  is  seated. 
During  this  interval  two  sets  of  springs  are  compressed,  which 
allow  sufficient  time  to  shut  off  the  power  automatically  and 
stop  the  machine.  In  the  upward  travel  of  the  valve,  a  dis- 
tance of  six  inches  is  allowed  for  stopping  the  machine. 

The  motor  is  equipped  with  a  solenoid  brake,  which  serves 
as  a  means  to  stop  the  machine  in  a  predetermined  position, 
after  the  current  is  cut  off,  with  a  very  small  variation.    The 
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machine  has  few  moving  parts  which  are  subject  to  wear.  The 
motor  operates  at  about  480  r.p.m.  which  is  also  the  highest 
gear  speed.  The  bronze  nuts,  which  are  two  and  one  half 
times  the  diameter  of  the  screws  in  length,  should  not  with 
ordinary  attention  require  frequent  renewal.  The  bulkhead 
is  under  a  pressure  of  approximately  15  lbs.  per  square  inch, 
so  that  the  packing  for  the  valve  stems  does  not  present  any 
abnormal  conditions.  When  the  valve  is  removed  for  inspec- 
tion and  repair  it  will  be  necessary  to  remove  the  following 
machine  parts :  chain  sheaves,  valve  stem,  roller-train  rods  and 
the  bulkhead.  No  additional  parts  need  be  removed  when  it 
is  desired  to  lift  the  valve  to  the  top  of  the  coping. 

The  calculations  for  the  machine  were  based  on  the  fol- 
lowing assumed  data: 

Height  of   valve > 18'-10" 

Breadth   of   valve 11'-  1" 

Thickness  of  valve 20" 

Area  of  valve  under  pressure 150  sq.  ft. 

Unbalaneed  area  of  top  seal  of  valve  at  moment 

of  closure  208  "    ins. 

Unbalanced    area   of   two   side   seals   of   valve 

under   pressure   550  "     " 

Bise    of   valve „ 18'-  0" 

Weight  of  valve  20,000  lbs. 

Weight  of  two  live-roller  trains 5,000    *' 

Weight  of  machinery  acting  on  valve 7,770    *' 

Buoyancy  of  valve  and  immersed  portions  of 

machinery   4,540    *' 

Ordinary  operating  head,  maximum 60  ft. 

Operating  head,  lock  unwatered 72  " 

Weight  of  cubic  foot  water 62.5  lbs. 

Coefficient  of  live-roller  friction 0.04 

Coefficient  of  side-seal  friction 0.25 

Coefficient  of  stuffing-box  friction 0.25 

Time  of  opening  or  closing  valve 1  minute 

Complete  tests  of  the  rising-stem  valves  were  performed 
after  installation  on  the  Isthmus.    Space  does  not  permit  of 
including  these  data,  but  it  may  be  stated  that  the  perform- 
ance of  the  machine  is  entirely  satisfactory. 
Cylindrical  Valve  Machines. 

The  cylindrical  valves  are  installed  to  control  the  lateral 
culverts  leading  from  the  main  culvert  of  the  center  wall.  The 
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machine  must  be  capable  of  raising  the  valve  three  feet.  By 
referring  to  the  drawing  showing  the  design  of  the  valve,  it 
is  seen  that  the  lower  limit  of  travel  is  its  seat.  To  eliminate 
jamming  of  the  seat,  it  is  necessary  to  provide  relief  for  the 
over-travel  of  the  machine.  The  time  for  complete  travel  was 
stipulated  as  ten  seconds.  Referring  to  Plate  VII,  it  is  seen  that 
the  machine  consists  essentially  of  a  motor,  direct  connected  to 
a  pinion  and  bevel  gear  actuating  a  screw,  thereby  raising  the 
nut  which  is  secured  to  the  valve  stem. 

The  weight  of  the  valve  and  stem,  together  with  the 
screw,  is  supported  by  a  roller  thrust  bearing.  To  relieve  the 
apparatus  from  severe  shock  when  the  valve  reaches  its  seat, 
the  screw  is  permitted  to  rise  through  the  thrust-bearing  sleeve, 
thus  giving  time  for  the  motor  to  stop.  The  weight  of  the 
valve  and  stem  is  suflScient  to  close  the  valve  without  applying 
a  downward  force.  Since  the  valve  stem  is  of  sufficient  length 
in  all  cases,  a  single  screw  was  adaptable,  telescoping  a  por- 
tion of  the  stem.  The  floor  of  the  machinery  room  is  ei^ht 
feet  below  the  coping,  and  since  the  coping  is  from  four  to  five 
feet  above  the  water  level,  the  machinery  floor,  and  hence  the 
valve-stem  stuffing  box,  is  under  a  head  of  only  three  or  four 
feet  of  water.  The  upper  portion  of  the  valve  stem  serves  also 
as  an  oil  reservoir  for  lubricating  the  screw  and  preserving  it 
from  corrosion.  As  the  stem  is  raised  the  screw  enters  this 
reservoir  and  forces  the  oil  into  an  upper  container,  whence 
it  returns  when  the  valve  is  lowered.  The  valve  stem  is  pre- 
vented from  turning  by  guides.  The  gear  casing  is  flooded  with 
oil,  and  by  means  of  a  small  gear  pump  the  oil  is  forced  to  the 
roller  bearing.  The  limit  switch  controlling  the  length  of 
travel  is  geared  to  pinion  shaft.  The  motor  has  to  exert  the 
greatest  torque  as  the  valve  seal  is  broken.  These  machines 
are  used,  not  only  for  the  120  cylindrical  valves  of  the  locks, 
but,  by  altering  the  length  of  the  screws,  also  for  the  twelve 
auxiliary  culvert  valves.    They  have  given  entire  satisfaction. 

Iffiiter-Oate  Machines. 

The  miter-gate  machines  are  used  to  manoeuvre  the  miter 
gates  of  the  locks,  and  it  was  specified  that  they  should  close  or 
open  the  gates  in  two  minutes.  A  study  of  the  power  required 
to  operate  existing  lock  gates  showed  a  wide  variation  in  the 
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power  provided  for  apparently  similar  conditions,  and  the  pub- 
lished data  gave  no  definite  basis  for  the  design  of  the  machine 
under  consideration.  From  observation,  in  certain  cases,  it 
appeared  that  the  power  provided  was  insuflScient  to  operate 
the  gates  within  the  time  specified  in  published  reports. 

Personal  investigations  led  to  the  belief  that  the  accelera- 
tion of  the  gate  was  left  too  much  to  the  judgment  of  the 
operators,  and  that  this  might  result  in  straining  the  apparatus, 
or  in  prolonging  unnecessarily  the  time  of  manoeuvering.  In 
some  well-known  locks  it  appears  that  much  time  is  lost  when 
the  gate  is  entering  the  recess  and  when  it  approaches  the 
mitered  position.  It  seems,  therefore,  that  a  machine  for  mov- 
ing the  gates  should  accelerate  and  retard  at  a  predetermined 
rate,  not  dependent  upon  the  judgment  of  the  operator,  and 
the  extreme  positions  should  be  fixed  definitely  and  remain  so 
during  successive  operations. 

For  the  reason  that  published  data  were  at  variance,  it 
was  considered  advisable  to  carry  out  an  independent  investi- 
gation of  the  forces  resisting  the  motion  of  a  lock  gate.  The 
forces  considered  were:  acceleration,  friction  of  pivot,  friction 
of  collar,  wind  resistance,  jet  action,  skin  friction  and  water 
pressure  due  to  difference  of  water  level  on  the  two  sides  of  the 
gate.  From  these  calculations  curves  were  constructed,  the 
ordinate  as  the  force  in  pounds  and  the  abscissa  as  the  time  in 
seconds  from  zero  to  120  seconds.  The  forces  derived  for  the 
pivot  and  collar  friction  are  small  in  comparison  to  wind  pres- 
sure and  acceleration.  The  latter  has  a  very  marked  influence 
on  the  diflEerence  in  water  level  on  the  two  sides  of  the  gate, 
and  this  is  especially  true  when  the  gate  is  near  the  recess  and 
the  mitered  position.  This  study  showed  clearly  that  the  gate 
recess  should  be  designed  with  eflSciemt  openings  for  the  flow 
of  water.  It  also  indicated  that  the  forces  increased  at  the 
mitered  position,  but  it  was  not  disclosed  that  the  clearance 
between  the  lower  surface  of  the  gate  and  masonry  had  such  a 
marked  eflEect  as  determined  during  the  test  described  later. 

The  adopted  machine  for  operating  the  miter  gates  seems 
to  impart  an  ideal  motion  to  the  gate,  i.  e.,  slow  speed  of  gate 
at  the  ends  of  travel  and  high  speed  at  the  middle  portion  of 
travel,  with  a  maximum  force  exerted  by  the  machine  at  the 
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ends  of  travel.  The  motor  is  allowed  to  come  up  to  speed  in  a 
very  few  seconds. 

Referring  to  Plate  VIII,  the  machine  consists  of  a  large 
gear  wheel  revolving  in  a  horizontal  plane,  with  a  vertical  pin, 
near  the  periphery  of  the  wheel,  to  which  a  strut  is  connected, 
the  other  end  being  pinned  to  the  gate.  The  wheel  is  revolved 
through  an  arc  of  about  197  degrees  by  means  of  a  pinion 
engaging  the  teeth  on  its  rim,  which  is  in  turn  connected  by 
a  train  of  gears  to  the  motor.  At  the  two  ends  of  travel,  the 
strut  (or  connecting  rod)  is  on  or  near  dead  center  and  can 
exert  an  infinite  force  on  the  gate  with  very  small  force  exerted 
on  the  rim  of  the  wheel.  The  end  of  the  strut  which  connects 
to  the  gate  is  equipped  with  a  telescoping  joint  and  a  nest  of 
springs,  to  absorb  any  shock  and  to  prevent  straining  the  gate 
and  machine  should  an  obstruction  be  encountered  during  the 
movement  of  the  gate.  The  springs  are  mounted  in  such  a 
maimer  that  they  act  in  compression  when  the  strut  is  either 
lengthened  or  shortened.  A  switching  device  is  connected  to 
the  two  members  having  relative  motion,  which  at  a  predeter- 
mined limit  opens  the  control  circuit,  thus  stopping  the  motor. 
When  the  above  safety  device  has  operated,  the  motor  may  be 
reversed  by  the  control  switch,  thus  relieving  the  gate. 

The  wheel  end  of  the  strut  is  equipped  with  a  short  mem- 
ber and  a  pin,  placed  at  right  angles  to  the  main  pin  near  the 
rim  of  the  wheel,  so  that  any  slight  variations  in  the  relative 
movement  of  the  gate  and  gear  wheel  will  not  cause  any  undue 
strains.  The  teeth  of  the  large  gear  wheel  extend  only  a  suf- 
ficient distance  around  the  periphery  to  impart  the  desired 
•motion  to  the  gate.  If  for  any  reason  the  limit  switch  fails  to 
operate  properly,  the  pinion  disengages  and  further  movement 
of  the  gate  is  checked.  On  the  vertical  shaft  which  carries  the 
pinion  there  is  mounted  a  bevel  gear.  The  horizontal  shaft  of 
the  bevel-gear  pinion  passes  through  the  bulkhead  and  a  spring- 
center  spur  gear  is  mounted  on  it  in  the  motor  room.  The 
pinion  on  the  back-gear  shaft  of  the  motor  engages  this  spring- 
center  spur  gear.  There  are,  therefore,  four  gear  reductions. 
The  limit  switch  is  geared  to  the  ** spring-center"  gear  shaft. 

On  account  of  the  limited  distance  from  the  top  of  the 
coping  to  the  water  level  in  the  locks,  and  the  space  required 
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for  the  gate  recess  cover,  the  opening  for  the  strut  was  forced 
very  close  to  the  water  level,  so  that  the  compartment  contain- 
ing the  large  gear  is  subjected  to  splashes.  For  this  reason  the 
large  gear  wheel  compartment  is  separated  from  the  motor 
room  by  a  bulkhead. 

Space  will  permit  giving  only  a  few  results  of  tests,  which 
are  shown  in  curves.  Fig.  12  shows  the  current  consumption  of 
the  intermediate  gates  of  the  upper  west  chamber  of  the  Qatun 
locks.  These  curves  were  derived  by  means  of  a  graphic  am- 
meter. The  water  level  was  changed  so  that  the  depth  over  the 
sill  varied  from  20.7  feet  to  62.8  feet.  The  two  gates  were 
operated  simultaneously  during  these  tests.  These  curves  show 
that  the  maximum  force  is  required  near  the  mitered  position 
of  the  gates,  and  that  the  motor  torque  near  the  gate  recess  is 
practically  equal  to  the  torque  required  when  the  gate  is  mov- 
ing at  its  maximum  speed.  To  determine  what  effect  would  be 
produced  by  non-simultaneous  operation  of  the  gates,  a  series 
of  tests  was  made  on  the  same  gates,  the  results  of  which  are 
shown  on  Fig.  13.  These  curves  show  again  that  the  maximum 
torque  of  the  motor  is  required  near  the  mitered  position  of 
the  gate,  but  this  decreases  as  the  time  interval  between  the 
operation  of  the  gates  is  increased.  In  other  words,  when  one 
gate  remains  closed  while  the  other  gate  is  opened  or  closed, 
the  torque  of  the  motor  remains  practically  constant  during  the 
entire  cycle.  This  seems  to  show  that  the  same  condition  could 
be  obtained  during  the  operation  of  the  two  gates  simul- 
taneously, if  the  passage  for  the  water  below  the  gate  is  in- 
creased. It  is  the  opinion  of  the  writer  that  by  altering  the 
masonry  below  the  gate  the  desirable  low-torque  curve  can  be 
very  nearly  approached  during  simultaneous  operation  of  the 
gates.  Figs.  14, 15  and  16  show  various  machines  in  the  process 
of  erection. 

Miter-Forcing  Machines. 

During  the  early  studies  of  the  miter-gate  machine,  the 
designs  followed  the  lines  of  machines  in  use  at  various  locks. 
With  such  machines  it  was  considered  advisable  to  adopt  some 
means  of  insuring  that  the  gates  assume  perfect  miter.  Since 
the  masonry  sill  prevents  the  lower  end  of  the  gate  from  pass- 
ing beyond  the  point  of  miter,  it  was  deemed  sufficient  to  force 
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the  top  of  the  gates  into  position,  and  thereby  the  best  miter 
would  be  obtained  when  considering  the  gates  as  a  whole.  As 
long  as  the  gates  are  in  perfect  condition  a  machine  to  force 
the  gates  into  miter  is  not  required  when  the  miter-gate  machine 
hereinbefore  described  is  employed.  Should  the  gates,  however, 
due  to  some  accident,  be  warped,  then  it  may  be  very  advisable 
to  have  a  machine  to  force  perfect  miter  at  the  top  of  the 
gate. 

The  miter  forcing  machine  adopted  for  the  Panama  Canal 
ia  designed  so  that  it  will  not  only  force  the  gates  into  the 
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miter,  but  it  is  capable  of  resisting  a  large  force  tending  to 
break  the  miter.  It  consists  of  two  principal  members,  one 
bolted  to  the  outer  end  of  the  top  girder  of  one  of  the  gate 
leaves  and  provided  with  a  large  vertical  pin.  The  second  mem- 
ber is  bolted  to  the  outer  end  of  the  top  girder  of  the  other 
gate  leaf  and  is  equipped  with  mechanism  to  move  a  pair  of 
jaws  which  embrace  the  pin  on  the  other  gate  leaf.  Referring 
to  Plate  IX,  the  jaws  are  connected  by  a  series  of  toggle  links 
to  a  cross-head  nut  actuated  by  means  of  a  fixed  revolving 
screw.     The  thrust  of  the  screw  is  transmitted  through  a  roller 
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bearing  to  the  main  frame  when  the  jaws  are  closed,  and 
through  a  plain  disc  thrust  bearing  when  the  jaws  are  opened. 
The  screw  is  revolved  by  a  bevel  gear  in  mesh  with  the  pinion 
on  the  extension  of  the  motor  shaft.  The  motor  and  limit  switch 
are  in  a  closed  compartment.  The  motor  is  equipped  with  a 
solenoid  brake  for  bringing  the  machine  to  rest  in  very  nar- 
row limits,  after  the  limit  switch  has  opened  the  control  circuit. 
The  box  casting  which  carries  the  machinery  has  two  remov- 
able <!Overs,  one  over  the  link  mechanism  and  one  over  the 
motor  space,  each  being  provided  with  hand  holes  for  inspec- 
tion and  oiling.  The  forces  acting  on  the  jaws  are  transmitted 
directly  through  pins  to  the  frame,  and,  when  the  jaws  are 
in  the  closed  position,  no  strain  is  on  the  screw,  due  to  forces 
acting  on  the  jaws.  In  the  open  position,  the  jaws  permit  either 
gate  leaf  to  be  operated  without  interference  between  the  jaws 
and  the  pin  on  the  other  leaf. 

Spillway  Oate  Machine. 

In  studying  the  existing  machines  to  operate  crest  gates, 
it  was  perceived  that,  in  many  «ases,  the  torsional  strains  in 
the  long  operating  shafts  were  not  given  sufficient  considera- 
tion. This  is  especially  true  in  the  installations  where  the  driv- 
ing mechanism  is  placed  at  one  end  of  the  gate  and  power  is 
transmitted  to  the  other  end  by  means  of  a  long  shaft.  To 
eliminate  some  of  the  bad  effects  of  the  difference  in  the  tor- 
sional displacement  in  a  long  shaft,  the  driving  mechanism  is 
placed  midway  between  the  ends  of  the  gate  supports.  This 
necessitates  invariably  a  strong  bridge  to  support  the  concen- 
trated load  in  the  center  of  the  span.  The  gates  are  usually 
of  such  weight  that  it  is  economical  to  counterweight  them. 

On  account  of  the  debris  which  would  pass  over  the  Gatun 
and  Miraflores  spillways,  it  was  stipulated  that  the  lower  edge 
of  the  gate  when  in  its  raised  position,  should  clear  the  highest 
elevation  of  the  lake  by  4^^  feet,  or  a  total  travel  of  22^^ 
feet  was  necessary.  To  utilize  a  counterweight,  as  usually  em- 
ployed, and  to  take  advantage  of  the  full  gate  opening,  require 
the  piers  to  be  considerably  higher  than  required  for  the 
adopted  machine. 

The  design  of  the  spillway  dam  is  such  that  the  installa- 
tion of  a  tunnel  and  counterweight  pits  in  the  body  of  the  dam 
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did  not  affect  the  proper  stability,  therefore  the  machinery 
was  designed  accordingly.  By  referring  to  Plate  X,  it  is 
seen  that  the  suspension  of  the  gate  is  made  in  the  usual 
manner.  The  chain  attached  to  the  end  member  is  passed  over 
a  sheave  located  on  top  of  the  pier  and  returns  through  an  open- 
ing in  the  pier  and  is  secured  to  the  top  of  a  long  screw,  to 
the  lower  end  of  which  the  counterweight  is  attached.  The 
screw  passes  through  the  threaded  hub  of  a  worm  wheel,  and 
the  worm  engaging  the  worm  wheel  is  directly  connected  to  a 
motor  placed  midway  between  the  machines  operating  the  two 
ends  of  the  gate.  By  placing  the  motor  centrally  and  driving 
the  worm  gear  by  extending  the  shaft  to  each,  the  effect  of  the 
difference  in  the  torsional  angle  is  practically  eliminated. 

On  account  of  the  debris  mentioned  above,  it  was  deemed 
very  essential  that  the  roller  trains,  which  ordinarily  travel 
one  half  the  distance  of  the  gate,  should  be  removed  to  a 
position  protected  by  the  gate.  Accordingly,  the  usual  method 
of  fastening  a  chain  to  the  pier,  passing  it  around  a  sheave 
secured  to  the  roller  train  and  attaching  it  to  the  gate  was 
resorted  to.  In  addition,  however,  a  set  of  sheaves  was  reeved 
into  one  portion  of  the  chain.  When  the  gate  is  in  the  lower 
position  the  sheaves  are  held  in  a  fixed  position  to  the  gate.  In 
raising  the  gate  above  the  water  level,  a  set  of  wheels  engage 
with  tracks  which  move  the  gate  away  from  the  pier  and  thus 
clear  of  the  roller  train.  Immediately  the  frame  of  one  set  of 
sheaves  is  engaged  with  a  suitable  projection  on  the  pier  and 
the  sheaves  are  separated,  with  the  result  that  the  roller  train 
is  raised  rapidly  to  assume  a  protected  position  back  of  the 
gate.    In  lowering,  a  reverse  operation  takes  place. 

The  selection  of  the  amount  of  power  to  be  applied,  and 
consequently  the  time  of  raising  or  lowering  the  gate,  was 
tempered  by  the  desire  to  reduce  the  sizes  of  motors  for  the 
Canal  to  a  minimum.  For  the  spillway  machines,  therefore,  the 
size  and  type  of  motors  used  for  the  cylindrical  valves  were 
adopted.  These  open  the  gates  in  about  ten  minutes.  Fig.  17 
shows  details  of  the  machine. 
Quard  Valve  Machines. 

At  the  upper  end  of  each  side  wall  of  the  locks  provision 
is  made  for  the  entrance  of  the  water  by  three  openings.    These 
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openings  are  controlled  by  valves  which  are  duplicates  of  the 
rising-stem  valves.  On  account  of  economic  conditions  in  the 
design  of  the  masonry,  the  regular  rising-stem  valve  machines 


ni.  17.    Spillwiy  au»  ll4eUiu,  Olialn  4nd  Scnw. 

The  board  in  the  background  ihowi  the  moving  elements  of  the  mscbine. 

were  not  applied  in  this  case,  because  of  space  limitations.  The 
adopted  machine  consists  of  a  heavy  chain,  secured  to  the  cen- 
ter of  the  valve,  passing  over  a  sheave  directly  above,  then 
over  a  second  sheave  and  down  to  a  counterweight.    The  driv- 
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ing  shaft  is  actuated  by  means  of  a  spur  and  pinion,  worm 
wheel  and  worm  direct  connected  to  a  motor.  The  roller  trains 
are  held  in  correct  relation  with  the  valve  on  the  same  prin- 
ciple as  adopted  for  the  rising-stem  valve,  except  that  the  chain 
is  fastened  to  the  counterweight,  instead  of  to  the  cross-head 
which  moves  in  unison  with  the  valve.  The  motor  is  of  the 
same  size  as  used  for  the  miter-gate  machine,  although  the  full 
rating  of  the  motor  is  not  required  for  operating  these  valves. 

TOWING  LOCOMOTIVE  SYSTEM. 

Experience  in  the  operation  of  locks  used  for  large  ships 
shows  that  the  serious  accidents  to  the  lock  gates  are  invariably 
caused  by  the  misunderstanding  of  signals  between  the  navi- 
gating officer  and  the  engine  room.  In  order  to  eliminate  this, 
and  mishaps  due  to  the  use  of  the  ship's  power,  and  without 
introducing  other  serious  elements  of  danger,  the  towing  system 
described  herein  was  adopted. 

This  system  requires  that  the  ship's  power  should  not  be 
used  for  passage  through  the  locks.  The  essential  requirements 
for  the  system  are:  to  accelerate  and  retard  the  ship  without 
rupturing  the  lines ;  to  place  the  ship  in  proper  relation  to  the 
locks  through  its  course;  to  tow  the  ship  through  a  flight  of 
locks  without  change  of  lines ;  and  to  use  a  small  number  of 
skilled  operators  in  lieu  of  a  large  number  of  unskilled  men. 

In  determining  the  duty  of  the  locomotives  it  was  con- 
sidered that  the  majority  of  the  merchant  ships  using  the  Canal 
would  be  less  than  10,000  tons  displacement.  The  towing 
system  contemplates  the  use  of  four  locomotives  as  the  least 
number  per  vessel,  so  that  it  was  decided  that  these  units 
should  be  capable  of  handling  the  majority  of  ships.  For  ^'men- 
of-war"  and  the  larger  merchant  ships  it  is  only  necessary  to 
add  more  locomotives  until  they  can  handle  the  vessel  as  prac- 
tice dictates. 
Locomotive  Track. 

To  accelerate  the  ship  to  the  maximum  speed  within  a 
reasonable  time  and  to  be  certain  that  the  locomotives  proceed 
in  unison,  it  is  essential  that  the  'tractive  effort"  should  be 
constant.  A  constant  ** tractive  effort"  cannot  be  secured  under 
the  prevailing  conditions  at  the  locks  by  means  of  the  ordinary 
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adhesion  between  rails  and  wheels.  Moreover,  some  means 
must  be  provided  to  ascend  and  descend  the  successive  lock 
levels. 

The  problem  of  towing  the  ships  successfully  was  solved 
by  installing  tracks,  along  the  edge  of  the  lock  walla,  equipped 
with  a  rack  which  engages  pinions  on  the  locomotives  similar 
to  that  of  the  rack  railways  used  in  ascending  mountains.  In 
addition,  however,  provision  is  made  to  counteract  the  lateral 
component  of  the  tow-line  pull.  This  is  accomplished  by 
shrouding  the  rack  upon  which  the  horizontal  thrust  wheels  of 
the  locomotives  engage. 


IS.    Tawing  LocomoUia  Tikck;  IdcUim  on  i  Oantn-wkll  Batom  Tnck. 
9  eondnetora    (corvr   plates  removed)    are   ahown    la   tb«   right   of  the   ni. 


During  normal  operation  of  the  locks  the  upbound  traSSc 
will  be  passed  through  one  flight  and  the  downbound  traffic 
through  the  other  flight.  This  requires,  therefore,  that  the 
locomotives  should  return  without  interfering  with  the  follow- 
ing lockage.  For  this  purpose  switches  are  installed  at  the 
ends  of  the  approach  walls  so  that  the  locomotives  proceed  to 
the  other  end  of  the  locks  on  "return"  tracks.  These  tracks 
are  not  equipped  with  racks  except  at  the  inclines.  The  gauge 
of  the  tracks  is  the  same  as  that  of  the  Panama  Railroad, 
namely,  five  feet.    Figure  18  shows  the  incline  on  a  center  wall 
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return  track.     The  conduetorB  are  shown  to  the  right  of  the 
running  rail. 

Locomotive. 

The  lines  of  the  locomotives  are  attached  to  the  ship  as  it 
approaches  the  locks,  or  when  the  ship  has  tied  up  to  the  center 
approach  wall.  Two  locomotives  are  attached  to  the  bow  of 
the  ship,  one  on  each  side,  and  two  to  the  stem,  one  on  each 
side.    If  the  ship  is  of  such  capacity  that  four  locomotives  can- 


Tia.   IB.     TawlDK  Iiocomotl*ai. 
The  Une  It  iseand  to  ■  nrlnch  with  >  allp  drum  laealed  Ib  tha  santar  of  tk* 
locomotive. 

not  manoeuvre  it  satisfactorily,  additional  locomotives  are 
attached.  The  lines  are  controlled  by  a  winch  placed  in  the 
center  of  the  locomotive  and  are  held  in  proper  position  by  a 
set  of  guide  sheaves,  which  assume  a  correct  relation  with  the 
line.  The  Hoe  may  be  led  off  on  either  aide  of  the  locomotive 
and  through  a  wide  range  of  angles,  so  that  a  ship  with  a  high 
free-board,  or  a  raft  of  piles,  may  be  maneuvered  without 
"fouling"  of  lines  with  the  lock  walls  or  the  locomotive  stroc- 
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ture.  The  winch  is  equipped  with  a  slip  drum  which  may  be  set 
to  slip  at  any  predetermined  point  commensurate  with  the 
ultimate  strength  of  the  line.  The  original  installation  is  sup- 
plied with  800  feet  of  one-inch  flexible  steel  cable  and  the  slip 
drum  is  set  to  slip  at  25,000  lbs.  pull  at  a  radius  of  two  feet. 
The  variation  in  the  slip  drum  is  not  more  than  five  per  cent 
above  or  below  the  pull  for  which  it  is  set.  The  winch  is  pro- 
vided with  a  motor  which  will  alter  the  length  of  the  line  at 


Flf.  SO.      Towing  LacamaUTii. 
Fonr   locomotliei    mtlacbcd    to    the    Snbmnrlne    Tender 


twelve  feet  per  minute  with  a  pull  of  25,000  lbs.  on  the  line. 
It  is  also  equipped  with  a  second  motor,  which  controls  the 
length  of  the  Hue  at  sixteen  times  the  slow  rate,  or  about  196 
feet  per  miuute.  This  is  used  for  coiling  the  line  to  take  the 
slack  out  of  it  after  attachment  to  the  ship  and  also  for  coil- 
ing after  the  ship  has  cast  it  off.  The  setting  of  the  slip  drum 
is  tested  at  intervals  by  means  of  a  dynamometer.    The  working 
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parts  of  the  locomotive  are  supported  on  two  axles  and  four 
wheels.  The  wheel  base  is  twelve  feet,  the  over  all  length  of 
the  locomotive  is  thirty-two  feet,  and  the  total  weight  is 
86,000  lbs. 

Each  axle  is  driven  by  its  own  75-horsepower  motor,  each 
independently  of  the  other.  A  cast-steel  bracket  is  hinged  at 
one  end  on  the  axle  by  means  of  journals.  This  bracket  is  pro- 
vided with  bearings  for  the  transverse  jack  shaft  and  counter 
shaft,  which  is  actuated  by  the  motor  secured  to  a  substantial 
platform.  The  outer  end  of  the  bracket  is  supported  by  means 
of  springs  to  the  locomotive  frames,  in  such  a  manner  as  to 
provide  a  yielding  support  in  both  the  upward  and  downward 
movement  of  the  bracket.  The  gears  are  arranged  to  provide 
a  maximum  speed  of  two  miles  per  hour  while  towing  or  oper- 
ating on  inclines,  and  five  miles  per  hour  when  returning  to 
the  starting  point.  This  is  accomplished  by  a  shift  of  gears  on 
the  jack  shaft,  which  then  engages  a  gear  secured  to  the  axle, 
the  rack  pinion  remaining  idle,  or  it  may  revolve  if  the  journal 
friction  is  sufficient  to  impart  motion. 

The  two  ends  of  the  locomotive  are  identical  and  the  gears 
may  be  changed  from  either  cab.  Likewise,  the  control  of  the 
locomotives  may  be  eflfected  from  either  cab  through  suitable 
controllers.  The  traction  motors  may  be  operated  singly  or  in 
multiple  as  desired.  Each  motor  shaft  is  equipped  with  a 
powerful  brake  mechanism,  which  is  released  by  a  solenoid 
when  the  controller  is  placed  on  the  first  notched  position. 
These  brakes  may  also  be  operated  by  means  of  a  hand-wheel 
brake  mechanism,  so  that  the  brakes  may  be  applied  gradually 
while  the  solenoid  retains  the  brake  in  the  off  position.  This 
feature  is  very  valuable,  as  it  places  in  the  hands  of  the  opera- 
tor a  means  of  regulating  the  rate  of  retarding  the  locomotive 
independently  of  the  solenoid  brake,  the  latter  being  set  for 
stopping  the  locomotive  in  case  of  failure  of  the  electric 
current. 

Three-phase  25-cycle  220-volt  alternating  current  is  used 
for  operating  the  locomotives,  and  is  supplied  by  an  under- 
ground contact  system,  which  is  installed  on  the  side  of  the 
rails  remote  from  the  lock.  Two  T  rails  are  used  for  two  legs 
of  the  three-phase  circuit,  and  the  main-track  running  rails 
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are  used  for  the  third  leg.  The  collecting  shoes  are  mounted  in 
line  with  the  axles  in  a  flexible  manner,  so  that  the  curves, 
both  vertical  and  horizontal,  are  readily  negotiated. 

It  will  be  noted  from  the  photographs  that  the  ends  of  the 
locomotives  at  the  bottom  have  an  upward  slope,  which  is  for 
the  purpose  of  providing  clearance  when  the  locomotive  enters 
an  incline. 

The  path  of  the  locomotive  is  by  no  means  an  easy  one, 
since  it  has,  while  towing,  not  only  to  negotiate  horizontal  and 
vertical  curves  and  inclines  with  a  grade  of  44  per  cent,  but 
also  to  pass,  at  the  upper  end  of  the  locks,  under  a  portion  of 


Fl).   21.      TavUig  LoeomotlT*!. 
Trisl  loclEBKc   of  B.   B.    "Santi  Olira"    leaving  the  upper  HlnfloTei  locki  In 
tov  of  iDcamotiieB,   two  of  which  >re  deicendins  to  the  lowsr  level.     The  control 
boDBe  <■  shown  on  the  center  wmll. 

the  emergency  dam  structure  without  fouling  the  lines  on  the 
concrete  projections  of  the  emergency  dam  abutments  or  on 
the  structure  above,  which  projects  to  within  one  foot  of  the 
edge  of  the  lock  wall. 

The  operating  force  for  the  locomotives  is  selected  from 
the  men  who  are  engaged  on  general  maintenance  of  the  locks, 
when  no  lockage  is  in  progress,  and  includes  such  trades  aa 
locomotive  cranemen,  machinists,  wiremen,  etc.  During  the 
period  of  training,  several  minor  accidents  have  occurred,  but 
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taking  the  installation  as  a  whole  it  has  been  remarkably  suc- 
cessful. Figures  19  to  21  inclusive  show  the  locomotives  used 
for  various  lockages. 

MOTORS. 

In  designing  the  apparatus  for  the  Panama  Canal,  the 
desirability  of  limiting  the  size  and  type  of  motors  to  the  least 
number  was  kept  in  mind  constantly.  This  has  not  only  reduced 
the  original  cost  of  motors,  but  it  affects  the  cost  of  repairs  and 
the  rapidity  of  substitution  of  motors,  without  being  obliged  to 
have  on  hand  a  large  surplus  stock.  The  motors  installed  during 
the  early  construction  period  were  furnished  with  standard 
insulation  and  parts.  These  motors  seemed  to  fulfill  the  require- 
ments satisfactorily  when  they  were  used  constantly.  When, 
however,  they  were  used  intermittently,  as,  for  example,  on  the 
Balboa  Dock  cranes,  a  great  deal  of  trouble  was  experienced, 
due  to  the  break  down  of  insulation  and  corrosion  of  small 
metal  parts.  The  commutators  of  direct-current  motors  were  a 
source  of  trouble,  causing  repeated  shut  downs.  The  motors 
for  the  locks  and  spillways  may  not  be  operated  daily,  even 
months  may  pass  without  operating  certain  motors.  It  is  essen- 
tial, therefore,  that  the  apparatus  should  be  constructed  in  such 
a  manner  that  a  period  of  idleness  does  not  make  it  inoperative. 

The  principal  factor  causing  deterioration  of  the  insula- 
tion is  the  extreme  humidity.  In  order  that  the  best  motors 
adapted  for  the  problem  in  hand  might  be  secured,  manufac- 
turers were  invited  to  bid  on  furnishing  sample  motors,  together 
with  a  bid  on  furnishing  a  stated  number,  should  the  sample 
motors  be  satisfactory.  The  sample  motors  were  subjected  to  a 
test  to  determine  the  eflEect  of  humidity,  by  placing  all  in  a 
room  to  which  live  steam  was  admitted,  to  create  an  atmos- 
phere with  a  high  humidity,  and  the  temperature  of  the  room 
was  controlled  to  attain  100  degrees  centigrade.  At  stated 
intervals  the  insulation  resistance  was  measured,  and  a  punc- 
ture test  of  1000  volts  of  ten  seconds'  duration  was  applied  to 
all  motors  simultaneously.  Some  of  the  motors  failed  after  a 
few  hours'  exposure  in  the  room,  while  others  withstood  the 
tests  for  several  days,  and  several  came  through  the  test 
unimpaired.  At  the  close  of  this  test  the  motors  were  allowed 
to  assume  the  temperature  of  the  air  and  be  subjected  to  the 
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humidity  of  the  air.  Resistance  measurements  were  continued 
and  some  motors  showed  a  sharp  increase  in  value,  while  others 
were  very  slow  in  showing  any  signs  of  higher  values,  and  stiU 
others  did  not  show  any  increase  until  they  were  subjected  to 
heating  produced  by  running  at  no  load. 

The  motors  which  failed  were  tested  to  determine  the  loca- 
tion of  the  fault  and  sent  to  the  shop  for  repair.  The  motors 
which  were  insulated  by  impregnating  the  coils  after  assembly 
could  not  be  repaired  with  the  appliances  on  hand.  In  fact  it 
was  impossible  to  remove  the  coils  without  injuring  the  top 
turns  of  adjacent  coils.  The  insulation  invariably  blistered  or 
cracked.  This  was  considered  a  very  serious  objection  in  weigh- 
ing the  various  factors  entering  into  the  problem.  The  motors 
which  withstood  the  tests  were  equipped  with  coils  completely 
insulated  before  assembly  and  required  no  special  appliances  to 
repair  them  on  the  Isthmus.  It  should  be  stated  that  the  motor 
with  the  highest  ohmic  insulation  is  not  necessarily  the  best,  as 
it  may  absorb  moisture  more  readily  than  an  insulation  which 
shows  a  moderate  ohmic  resistance  and  a  moderate  disruptive 
strength.  The  motors  selected  for  the  locks  and  spillways  of 
the  Panama  Canal  have  up  to  date  given  entire  satisfaction. 
A  list  of  the  principal  motors  installed  is  given  on  the  following 
page. 

ELECTBIC  CABLES. 

The  principal  power  cables  are  of  the  varnished  cambric, 
lead-sheathed  type.  Special  precaution  was  taken  to  exclude 
moisture  during  the  installation  and  all  ends  are  provided  with 
terminals  filled  with  insulating  compound.  The  multi-conduc- 
tor control  cable  is  likewise  of  the  varnished  cambric  lead- 
sheathed  type.  In  general,  very  little  rubber-insulated  wire  was 
used  except  for  the  lighting  circuits. 
The  Oontrol  of  Lock  Machinery. 

Placing  locks  in.  flight  without  intervening  pools  brings 
forth  certain  elements  of  danger  not  encountered  in  single 
lifts.  In  studying  the  problem  of  control,  it  was  evident  that 
the  task  of  co-ordinating  an  operating  force  distributed  along 
the  three  lock  walls,  each  about  4100  feet  long  at  Gatun,  could 
be  eliminated,  and  in  its  place  a  single  operator  could  be  sub- 
stituted by  centralizing  the  control  circuits.    By  such  centrali- 
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zation  it  became  feasible  so  to  confine  the  movements  of  the 
operator,  by  interlocking  of  switches,  that  no  damage  would 
result  by  mistakes  in  manipulations  of  the  control  switches.  In 
order  that  the  description  of  the  control  system  may  be  fol- 
lowed readily,  it  is  desirable  that  the  functions  of  the  various 
machines  be  set  forth. 

Water  for  filling  and  emptying  the  locks  is  conducted 
through  three  culverts,  one  in  the  middle  wall  and  one  in  each 
side  wall.  The  flow  of  water  in  these  culverts  is  controlled  by 
rising-stem  valves.  These  are  located  in  the  culverts  at  points 
opposite  each  end  of  each  lock,  so  that  the  culvert  can  be  shut 
oflE  at  any  desired  point,  in  order  to  fill  a  lock  with  water  from 
above,  or  upstream,  or  to  empty  it  by  allowing  the  water  to 
flow  out  and  down  to  the  next  lock.  Lateral  culverts  conduct 
the  water  from  the  main  culverts,  under  the  lock  chambers,  and 
up  through  openings  in  the  lock  floors.  Since  there  are  inter- 
mediate mitering  lock  gates  for  use  in  locking  through  short 
vessels,  when  the  use  of  a  whole  lock  of  1000  feet  would  be 
wasteful  of  water,  rising-stem  valves  are  also  located  in  the  side- 
wall  culverts  at  points  near  these  intermediate  gates.  The 
rising-stem  valves  are  installed  in  pairs,  that  is,  the  culvert  is 
divided  into  two  parallel  halves  at  each  valve  by  a  vertical 
wall,  and  a  valve  is  placed  in  each  half.  In  addition  to  these 
pairs  of  valves  in  parallel,  each  pair  is  duplicated  at  each 
change  of  level  from  one  lock  to  the  next.  Thus,  if  the  valves 
cannot  be  closed  at  any  point  on  account  of  an  obstruction  in 
the  culvert  or  accident  to  the  machinery,  the  duplicate  pair  can 
be  closed.  At  the  upper  ends  of  the  culverts  at  the  side  walls, 
the  duplication  is  accomplished  by  three  valves  in  parallel, 
called  the  guard  valves. 

The  culvert  in  the  middle  wall  must  serve  the  locks  on 
both  sides,  and  to  control  this  feature  cylindrical  valves  are 
placed  in  the  lateral  culverts  that  branch  out  on  each  side. 
There  are  ten  of  these  on  each  side  of  the  culvert  at  each  lock. 
At  the  upper  end  of  each  upper  lock  there  are  two  valves  in 
the  side  wall  for  regulating  the  height  of  water  between  the 
upper  gate  and  the  upper  guard  gate.  These  valves  are  called 
the  auxiliary  culvert  valves. 

The  mitering  gates  are  opened  and  closed  by  a  separate 
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motor  for  each  leaf,  and  the  two  leaves,  when  -closed  in  mitered 
position,  are  locked  together  at  the  top  by  the  miter-forcing 
machine.  Heavy  chain  fenders  are  stretched  across  the  locks 
in  front  of  all  miter  gates  which  can  be  exposed  to  the  upper 
level,  and  also  in  front  of  the  guard  gates  at  the  lower  end. 
Lowering  the  chain  for  the  legitimate  passage  of  a  vessel,  and 
raising  it  again  after  the  vessel  has  passed,  are  under  the  con- 
trol of  the  operator  at  the  control  house,  and  each  operation  of 
raising  or  lowering  involves  the  control  of  two  motors,  viz., 
the  starting  of  a  large  motor  driving  the  main  pump  supplying 
water  under  pressure,  and  the  control  of  a  motor-operated 
valve,  which  in  turn  controls  the  direction  of  movement  of  the 
chain.  These  two  operations  are  combined  in  one,  for  the 
remote  control.  Each  motor  is  stopped  automatically  by  a 
limit  switch  when  it  has  performed  its  function. 

There  are  motors  which  are  not  controlled  from  the  con- 
trol houses,  and  their  uses  should  be  described  briefly  before 
proceeding.  One  class  of  these  is  the  hand-rail  motors.  On 
the  top  of  all  mitering  gates  a  foot-walk  with  hand-rails  is  pro- 
vided. When  the  gates  are  opened  and  in  the  recesses  pro- 
vided for  them  in  the  lock  walls,  these  hand-rails  would  inter- 
fere with  the  passing  of  the  towing  locomotive,  except  in  the 
case  of  the  lower  guard  gates.  The  hand-rails  are  therefore 
made  to  be  raised  and  lowered.  This  is  done  by  a  motor  under 
the  foot-walk,  controlled  from  the  lock  wall.  Near  the  approach 
to  each  foot-walk  a  controller  is  located  in  the  lock  wall  flush 
with  the  surface,  this  controller  being  operated  by  a  foot  push. 
If  the  gates  are  closed  and  the  hand-rails  are  down  and  a  per- 
son desires  to  cross  on  the  gates,  he  presses  the  foot  push  and 
the  hand-rails  are  raised  by  their  motors.  This  is  true  not  only 
of  the  hand-rails  on  the  nearer  gate  leaf,  but  of  the  hand-rails 
on  the  farther  leaf  as  well.  After  passing  across,  one  can,  if 
desired,  press  the  foot  push  on  the  other  side  and  both  hand- 
rails will  be  lowered.  Or,  if  the  hand-rails  are  up  and  the 
gates  are  opened  by  the  operator  in  the  control  house,  they  will 
be  automatically  lowered  so  as  to  be  out  of  the  way  when  the 
gate  is  in  the  recess.  When  the  gates  are  again  closed,  the 
hand-rails  will  automatically  rise  again,  if  the  foot  controller 
has  been  left  in  the  position  to  raise  them.    The  control  of  the 
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hand-rails  is  accomplished  by  means  of  the  foot  controller,  a 
contactor  panel  in  the  machinery  chamber  in  the  lock  wall  and 
another  switch  geared  to  the  gate-moving  machinery,  which 
operates  the  control  circuit  to  produce  the  automatic  lowering 
and  raising  when  the  gates  are  opened  or  closed.  This  geared 
switch  also  provides  that  the  hand-rails  cannot  be  raised  when 
the  gates  are  open  and  that  no  harm  results  if  the  foot  switch 
is  operated  while  the  gates  are  in  the  open  position. 
Control  House. 

The  control  house  is  located  on  the  middle  wall  at  the 
lower  end  of  the  upper  lock,  giving  a  view  of  the  upper  locks 
upstream  from  the  control  house,  and  a  view  of  the  lower  locks, 
if  any,  in  a  down-stream  direction. 
Oontactor  Panels. 

The  motors  are  started  and  controlled  by  contactor  panels 
located  near  them.  The  contactors  carry  the  main  motor  cur- 
rents. These  contactors  are  controlled  from  the  control  house. 
The  smaller  motors,  including  those  for  cylindrical  valves,  aux- 
iliary culvert  valves  and  miter  forcing,  are  started  by  being 
thrown  directly  on  the  line.  Two  double-pole  contactors  are 
used,  one  for  forward  and  one  for  reverse.  In  the  case  of 
larger  motors  for  miter-gate  moving,  rising-stem  valves  and 
guard  valves,  a  starting  point  with  resistance  in  two  legs  of 
the  three-phase  circuit  is  provided.  In  all  cases  the  contactors 
are  operated  from  the  control  house  by  three  wires,  one  for  for- 
ward, one  for  reverse  and  a  common  return.  In  the  case  of 
panels  having  a  starting  point,  the  period  during  which  the 
motor  remains  on  the  resistance  is  automatically  controlled  by 
a  dashpot,  so  that  the  starting  operation  at  the  control  house  is 
the  same, — simply  energizing  a  forward  or  reverse  wire  as  the 
case  may  be. 

Indicators  are  used  for  all  machines  to  show  the  operator 
in  the  control  house  the  position  of  each  machine  at  all  times. 
In  the  case  of  certain  machines,  the  operation  of  a  motor  lasts 
only  a  few  seconds,  and  the  indication  of  the  position  of  the 
machine  is  given  by  the  simple  means  of  red  and  green  lights. 
Such  machines  are  the  cylindrical  valves,  auxiliary  culvert 
valves,  and  miter-forcing  machines.  It  is  never  expected,  in 
normal  operation,  to  stop  these  machines  at  any  intermediate 
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point  in  their  travel,  and  only  the  completed  operation  is  indi- 
cated by  the  red  and  green  lights.  For  machines  of  more 
extended  operation,  which  may  be  stopped  at  intermediate 
points  of  travel,  sjnichronous  indicators  are  used,  which  show 
at  all  times  the  position  of  the  machine,  whether  in  the  extremes 
of  travel  or  at  an  intermediate  point.  A  complete  synchronous 
indicator  consists  of  a  transmitter  at  the  machine  in  the  lock 
wall,  and  a  receiver,  or  indicator,  at  the  switchboard  in  the 
control  house.  An  indicator  and  a  receiver  are  exactly  similar 
and  each  consists  essentially  of  a  revolving  bipolar  field,  or 
rotor,  supplied  with  alternating  current  from  the  same  source 
of  excitation.  Surrounding  each  rotor  is  a  stator,  having  a  dis- 
tributed winding  similar  to  that  of  an  induction  motor.  From 
three  equidistant  points  of  this  winding  on  the  transmitter, 
leads  run  to  three  similar  points  on  the  winding  of  the  receiv- 
ers. The  alternating  current  in  the  rotor  of  the  transmitter 
(which  may  be  considered  stationary  for  the  present)  induces 
currents  in  the  three  wires  from  the  stator,  the  relative  values 
of  these  currents  in  the  three  wires  depending  upon  the  posi- 
tion of  the  field.  These  currents  produce  a  magnetic  flux  in 
the  receiver,  which  draws  its  rotor  (free  to  revolve  in  this 
case)  into  the  same  angular  position  as  the  field  of  the  trans- 
mitter. Thus,  as  the  transmitter  revolves,  the  receiver  revolves 
with  it,  keeping  the  same  angular  position  with  a  very  small 
error.  In  the  case  of  the  transmitter,  the  rotor  is  geared  to 
the  machine  the  position  of  which  it  is  desired  to  indicate.  In 
the  case  of  the  receiver  the  rotor  is  geared  to  a  pointer,  or  small 
model  of  the  machine,  or  to  some  other  indicating  device,  which 
it  drives.  This  is  the  only  important  diflPerence  between  a 
transmitter  and  a  receiver,  or  indicator.  Synchronous  indica- 
tors are  provided  for  miter-gate  moving  machines,  rising-stem 
valves,  guard  valves,  fender  chains,  and  for  water-level 
indication. 
Oontrol  Boards. 

The  control  boards  are  of  a  fiat-top  bench-board  type. 
Each  board  is  32  inches  high  by  64  inches  wide.  The  lengths 
for  the  three  different  boards  are  as  follows : 

Gatun    64  feet 

Pedro  Miguel : 36  feet 

Miraflores    52  feet 
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Fig.  33.    OODtrot  Boud  for  Hliattani  Locki. 
The  Interloeklns  bin  ghoirn  above  ire  conoMted  to   tbeir  retpaetit*  iwitrhei  md  interlocked   i 
cb  >  muiaer  Ibii  cansin  manipnUtiana  al  Ibe  swiiche*  whicb  miflit  eann  dain>s«  can  not  bs  iccom 
■bed.     There  1>  ample  room  far  ingpeettoa,  and  the  opemllnc  board  la  located  on  the  floor  dincll 
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The  control  board  for  Mira&orea  locks  is  shown  in  Fig. 
22  and  the  interlocking  racks  in  Fig.  23.  The  handles  of  the 
various  control  switches  are  above  the  surface  of  each  board, 
while  the  switch,  which  is  of  a  rotary  type,  has  its  contacts 
beneath  the  board,  shown  in  Fig.  24,  and  is  wired  from  below. 
In  a  similar  manner,  the  indicators  are  mounted  with  the 
greater  part  of  their  mechanism  beneath  the  board,  but  with 
the  scales  and  pointers  above  the  board.    The  visible  portions  of 


Plf.  S«.    OoDtxol  Bwltoh  Mid  IntaHock  HeehuiUm. 
The  iwltch  Is  of  the  rotsry  typ»  h*Tln(  Dotchsd  poiitioni  of  "oiwd",  "clowd" 
>Dd  "off".     Thg  inlerlock  bsri  »ra  ifltiiMed  b]r  th«  bell  cranlia. 

these  indicators  are  of  different  forms  in  order  best  to  indicate 
their  respective  machines.  (See  Pigs.  25  to  34  inclusive.)  The 
miter-gate  index  (Figs.  25  and  26),  is  nearly  flush  with  the 
board,  and  consists  of  a  pointer  swinging  in  a  horizontal  plane, 
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and  resembling  the  plan  view  of  a  miter-gate  leaf.  All  these 
switches  and  indicators  are  located  as  nearly  as  possible  in  the 
relative  positions  occupied  by  the  machines  to  which  they 
apply.  While  the  board  is  essentially  a  control  board  with  indi- 
cators, it  is  made  to  resemble,  in  a  measure,  a  plan  view  of  the 
locks. 

The  space  immediately  below  the  flat  top  of  the  board  is 
occupied  by  the  switch  contacts,  indicator  motors,  and  con- 
nections. Vertical  shafts,  operated  by  connecting  rods  from 
the  control-switch  shafts,  extend  downward  past  the  electrical 
parts  for  the  operation  of  the  interlocks,  as  shown  in  Fig.  24. 
These  interlocks  are  in  two  vertical  racks,  shown  in  Fig.  23, 
under  each  edge  of  the  board  and  some  distance  below,  so  that 
they  may  be  inspected  and  oiled  from  a  floor  which  is  about 
seven  feet  below  the  floor  on  which  the  switchboard  stands. 
The  latter  floor  does  not  extend  across  under  the  board,  this 
space  being  open  so  that  all  parts  on  the  underside  of  the  board 
are  accessible  from  the  floor  below.  The  numerous  cables  to 
the  control  switches  and  indicators  also  come  to  the  board 
from  below.  Connection  boards  are  provided  for  the  cables, 
which  are  led  up  to  them  from  each  side,  as  are  buses  for  sup- 
plying current  to  the  control  switches,  indicators  and  the  lamps 
that  illuminate  the  dials  of  indicators.  The  indicators,  trans- 
mitters and  lamps  are  operated  on  25  cycles,  at  110  volts,  while 
the  control  switches  are  designed  for  220  volts.  A  typical 
wiring  diagram  is  shown  in  Fig.  35.  The  control  switchboard 
for  the  exterior  illumination  is  shown  in  Fig.  36. 

In  general  the  two  interlock  racks  contain  the  necessary 
interlocks  for  the  switches  on  their  respective  sides  of  the 
center  line  of  the  board;  but  where  interlocking  is  required 
between  switches  on  different  sides,  it  is  accomplished  by  the 
aid  of  cross  connecting  rods  and  cranks. 
Interlocking  of  Fender  Ohains  and  BUter  dates. 

The  fender  chains  are  operated  from  each  end  by  independ- 
ent machines.  The  control  of  each  end  is  interlocked  with  the 
control  of  the  miter-gate  leaf  on  its  side  of  the  lock,  so  that  the 
chain  cannot  be  lowered  until  the  control  switch  of  the  miter- 
gate  leaf  has  been  thrown  to  the  opening  position.  The  miter-gate 
cannot  be  closed  again  until  the  control  of  the  fender  chain  has 
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been  thrown  to  the  raising  position.  In  this  way  the  assnrance 
is  obtained  that  the  fender  chain  will  always  be  in  the  np  posi- 
tion to  protect  the  gate  when  the  gate  is  closed.    In  order  to 


ng.  SB.   wtw  Qit*  nuta 


Flf.  t«.    lour  OM*  Indaz. 
J  ihowlac  tha  Index  in  plan. 


ng-  37.    UlUi  Oat*  Tnuumlttn  Oorn  Bamorad. 
Tha  vartleal  ibatt  of  lb*  tranimltter  la  antnated  by  a  gaar  on  tlii  (haft  of  tka 
mltar  gala  maoblna  pauiog  thrangli  tha  bulkhaad.     The  rack,  moved  bj  tbe  tliraadad 
(haft,  TOTolTei  the  rotor  which  in  tnrn  moTei  the  rotor  of  the  Index  ahom  In  lig.  26. 
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avoid  unnecessary  eomplicattoti,  eacli  end  of  the  ctiain  is  not 
interlocked  with  both  gate  leaves,  but  with  the  leaf  on  its  side 
of  the  lock  only.    As  a  rule  both  leaves  of  a  miter  gate,  as  well 


The  chain  of  the  index  dropa  iolo  *  slot  )»  (he  marble  lepreseDtlni  tbe  lock 
tiaber.  The  lerlLcal  prDjeclimie  llkewiae  dluppear  In  the  elcil  when  the  chiin 
the  lack  Ig  in  tie  final  poeltlon. 


Fig.  SB.     Oluiu  I'endet  Tranimlttei. 
The  rotor  of  the  transmitter  it   reTOlied  by  a  pinion  and  rack,  the  latter   !■ 
Dated  b7  a  reToKinE  icrew  vbicb   in   turn   la  Cleared   to   the  main   thalt  of  the 
.in    fender  machine.      Between    each    tranBmitier    and    index    tbe    electrical   eon- 
tiona  conaiat  of  &n  condactora  in  a  lead  sheathed  cable. 
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m.  30.     BlAni  Btim  Viln  lodttc 
The  rlilnr-item  valTsi   >»  lnil«ll«d  In   pain.     Tils   index   eonii>M  ot  ■  Mf* 
with  >  nflMtor  at  tha  bottom   ihown  in  tha  right  haod   Indai,  whieb  tbrow*  tba 
licht  flni  on  (TDond  |laaa  thoa  ahovlni  tha  poaition  of  Ihe  tain  hf  an  IllBmlnatad 
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as  both  ends  of  a  fender  chain,  will  be  operated  simultaneonsl^, 

and  further  interlocking  is  unnecessary. 

Interloddng  of  Miter  Ofttea  and  Miter-Forcing  Machine. 

Each  leaf  of  a  miter  gate  is  interlocked  with  the  miter- 
foreing  machine,  which  locks  the  leaves  together  at  the  top 
when  in  the  closed  position.  This  interlock  is  arranged  so 
that  the  operator  must  unlock  the  miter-forcing  machine  before 


Tl(.  91'    WaUi  Vtnl  mdlntor. 

Tha  iratsr-lSTiI  Index  ii  aqnlppsd  with  two  polntsn,  on*  ot  vhleh  !■  ■ctnated 
bjr  ■  rolor  ibvoItIbk  Ihroush  an  angls  ot  ITS  daireei  and  ths  ■•oand  polntar  U 
■etuBted  br  ■  rotor  making  las  coiupleta  reTolDtioDS  for  (ha  tnll  io«l«.  Th*  kBcnner 
of  Iha  iratar  la*el  ia  ihown  to  within  ooe  twentieth  ot  a  foot  through  a  maTtiaam 
raaca  ot  hity  teat. 

he  Opens  the  gate.  Also,  the  miter-forcing  machine  cannot  be 
closed  until  the  gates  are  closed.  An  electrical  interlock  is  also 
provided  in  this  case,  requiring  the  gates  to  be  fully  closed 
before  the  miter-f oreing  machine  can  be  started  in  the  dosing 
direction,  inasmuch  as  it  is  important  that  the  first  operation 
be  completed  before  the  next  operation  starts. 
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BiBing-Stem  ValTes  Interlocked  with  Each  Other. 

CouBider,  for  example,  a  side-wall  calvert  at  Oatnn  with 
its  principal  rlBing-Btem  valves  at  each  change  of  level  from 


Tig.  33.    Wktar  T,ntl  Tiumnlttai. 

The  trinimitter  ia  operated  by  »  Urge  floit  ettached  b 
toreled  to  enieie  pefi  In  Ihe  Hm  of   the  diivlni;  vheel. 
tached  to  Ibe  other  aod  of  the  bronia  ribbon  to  tnanre  props! 
and  wheel.     The  aiseoiblT  la  ahown  In  Fig.   84. 


Tig.  Si.    Aaaembly  of  Water  Laval  TiannnlltM. 
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one  lock  to  the  next.  The  control  of  these  valves  is  inter- 
locked so  that  if  the  valves  are  opened  at  one  particular  point, 
the  valves  a  lock  length  upstream  or  downstream  cannot  be 
opened.  Thus,  the  operator  is  limited  to  equalizing  the  water 
between  locks  and  cannot  allow  water  to  flow  from  the  upper 
lock  past  the  middle  lock  into  the  lower  lock,  which  operation, 
if  permitted,  might  flood  the  lower  lock  walls  and  machinery 
chambers  in  them.  All  rising-etem  valves  occur  in  pairs  side 
by  side,  each  member  of  a  pair  controlling  half  the  opening  of 
the  culvert.    They  may,  therefore,  be  referred  to  as  pairs.    At 


Tit.  36.    Wlrlsi  tor  0»Dtrol  BwtUb  Mid  PoU 

This   thoiri  the  wiring  dlagrun    far  tlie    chaio    feader   iDdiesloii    ind  conlnl 
(witchea.     Thli  wiring  U  tjrplMl  for  all  poiilioa  indicalon. 

all  points  where  there  is  a  change  of  level  from  one  lock  to 
the  next,  these  pairs  of  valves  are  further  duplicated  by  a 
pair  in  series  a  short  distance  away.  In  regular  operation  one 
pair  can  be  left  open  as  a  guard  pair,  and  the  other  pair  will 
control  the  flow  of  water.  Each  of  the  four  valves  of  such  a 
group  has  independent  control.  Their  control  switches  are 
interlocked  so  that  either  pair  may  be  opened  and  left  open  as 
guard  valves,  and  the  interlocks  become  effective  when  the 
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operator  tries  to  open  the  first  vaWe  of  the  second  pair.  Either 
pair  may  be  opened  first,  at  the  choice  of  the  operator.  This 
effect  is  produced  hy  a  system  of  equalizing  levers  acting 
against  the  ends  of  the  interlock  bars,  with  a  certain  definite 
amount  of  lost  motion,  which  is  taken  up  on  opening  the  first 
pair  of  valves,  thuB  putting  the  interlocks  in  operation  on  the 
next  pair. 

At  the  upper  end  of  each  lock,  three  guard  valves  take  the 
place  of  the  duplicate  rising-stem  valves.   These  perform  service 


IniUUad  In  Uw  Oantnl 

exactly  similar  to  the  rising-stem  valves,  and  are  similarly  inter- 
locked, except  that  three  valves  in  parallel  in  this  case  must 
conform  to  the  same  laws  as  the  two  in  parallel  in  the  other 
cases.  If  necessary  to  clear  the  interlocks  at  one  pair  of  valves, 
in  order  to  open  another  pair  a  lock  length  away,  both  mem- 
bers of  the  pair  must  be  closed  to  accomplish  it,  and  all  three 
must  be  closed  in  the  case  of  the  guard  valves.    The  same  inter- 
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locking  is  effected  between  the  successive  valves  of  the  middle 
wall  culverts  as  between  those  of  the  side  wall. 
Bising-Stem  Valves,  "Diagonal''  Interlocking. 

By  diagonal  interlocking  is  meant  that  interlocking  which 
is  done  between  the  rising-stem  valves  of  the  side  wall  and 
those  of  the  middle  wall  a  lock  length  away.  The  result  is  inter- 
locking between  valves  diagonally  across  a  lock  when  the 
cylindrical  valves  are  open,  this  being  needed  to  prevent  the 
flow  of  water  from,  say,  the  upper  lock  by  way  of  a  side-wall 
culvert  to  the  middle  lock,  thence  by  way  of  the  middle-wall 
culvert  to  the  lower  lock,  thus  allowing  an  operator  through 
carelessness  to  flood  the  lower  lock  walls.  If  the  cylindrical 
valves  of  a  certain  lock  are  closed,  then  this  interlock  is  not 
needed  on  rising-stem  valves  of  that  lock ;  and  furthermore,  its 
existence  would  interfere  with  the  proper  use  of  the  valves  of 
its  twin  lock  on  the  other  side  of  the  middle  wall.  For  this 
reason  this  interlock  is  automatically  removed  when  all  ten 
cylindrical  valves  are  closed  on  the  particular  lock  in  question, 
and  is  automatically  applied  again  if  one  or  more  of  the  ten 
cylindrical  valves  are  opened. 
Bising-Stem  Valves  Interlocked  With  Cylindrical  Valves. 

In  the  use  of  the  middle-wall  culvert,  the  cylindrical  valves 
on  one  side  or  the  other  must  be  opened  before  the  rising-stem 
valves  can  be  opened,  and  the  rising-stem  valves  must  be  closed 
first.  This  interlock  is  applied  in  order  to  require  the  operator 
to  control  the  flow  of  water  by  means  of  the  rising-stem  valves. 
The  cylindrical  valves  perform  a  complete  operation  of  opening 
and  closing  in  about  ten  seconds,  and  their  use  in  regulating 
the  flows  might  cause  dangerous  surging.  Here,  as  in  all  other 
cases  of  interlocking  on  rising-stem  valves,  one  pair  of  dupli- 
cates may  be  left  open  as  guard  valves,  the  other  pair  used  as 
operating  valves  being  subject  to  interlocking. 

The  locks  in  most  cases  are  divided  into  two  parts  by  the 
intermediate  miter  gates.  This  arrangement  divides  the  ten 
cylindrical  valves  into  two  groups  of  seven  and  three,  respect- 
ively, for  the  long  and  short  lengths.  A  selecting  lever  is  pro- 
vided for  the  foregoing  interlocks,  which  may  be  set  on 
'* three",  "seven"  or  "ten",  respectively,  whereupon  the  cor- 
responding valves  are  subject  to  that  interlock,  and  the  others 
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of  the  group  of  ten  are  locked  closed  if  three  or  seven  only  are 
to  be  used.  The  failure  of  the  operator  to  make  his  selection 
properly  in  advance  will  only  cause  him  the  trouble  of  going 
back  and  doing  so,  as  the  remaining  valves  are  locked  closed. 
Interlocks  on  Cylindrical  Valves. 

The  groups  of  cylindrical  valves  on  opposite  sides  of  the 
middle-wall  culvert  are  interlocked  with  each  other,  so  that  if 
any  valves  are  opened  on  one  side,  all  must  be  closed  on  the 
other.  This  is  to  prevent  careless  cross  filling  between  the 
locks,  which  operation  might  be  combined  with  the  regular 
method  and  produce  flooding.  However,  there  may  be  times 
when  it  is  desirable  to  employ  cross  filling,  to  economize  in  the 
use  of  water  from  Lake  Oatun  during  the  dry  season.  For 
this  reason,  this  interlock  is  made  removable  by  the  use  of  a 
lock  and  key.  The  key  will  be  placed  in  the  hands  of  the  chief 
operator. 

Interlocking  of  Bising-Stem  Valves  of  Side  Wall  and 


Interlocks  are  placed  on  the  control  switches  of  these 
machines,  so  that  the  rising-stem  valves  of  the  side  wall,  next 
above  or  below  a  miter  gate,  must  be  closed,  while  the  miter- 
forcing  machine  is  open.  As  the  miter-forcing  machine  can- 
not be  closed  until  the  gates  are  closed,  this  means  that  the 
valves,  either  above  or  below  the  gate,  must  remain  closed 
until  the  gate  itself  is  closed,  thus  preventing  the  operator 
from  creating  a  current  of  water  around  the  gates  while  they 
are  open,  or  being  moved  in  opening  or  closing.  This  inter- 
lock is  not  included  on  the  middle-wall  valves,  for  the  reason 
that  they  will  be  used  with  the  locks  on  either  side  and  must 
be  free  for  that  purpose.  Furthermore,  the  valves  of  the  side 
wall  immediately  at  the  gate  which  is  being  moved  will  be 
open  to  equalize  water  level,  and  the  diagonal  interlocking  pre- 
viously described  will  prevent  the  opening  of  the  middle-wall 
valves  a  lock  length  above  or  below  the  gate  being  moved. 
This  interlock  between  valves  and  miter-forcing  'machine  is 
included  on  the  intermediate  gates,  but  is  removable  by  means 
of  a  lock  and  key,  because  during  the  passage  of  large  ships 
these  gates  must  be  left  open  and  the  valves  operated  inde- 
pendently of  them.    This  interlock  is  not  applied  to  the  miter- 
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forcing  machine  of  the  lower  guard  gates,  for  the  reason  that 
these  gates  open  toward  the  sea. 

There  are  intermediate  rising-stem  valves  in  the  side  walls 
at  each  intermediate  gate,  but  no  interlocks  are  applied  to 
these,  for  the  reason  that  they  will  be  used  in  a  more  or  less 
irregular  manner,  and  no  fixed  laws  for  their  operation  can 
be  laid  down  in  advance.  Moreover,  they  do  not  control  the 
water  between  different  lock  levels,  but  only  between  differ- 
ent sections  of  the  same  lock,  and  there  is  not  the  danger  from 
mistakes  in  operation  as  exists  in  the  case  of  the  other  valves 
between  lock  levels.  The  same  is  true  of  the  small  auxiliary 
culvert  valves,  by  means  of  which  the  water  level  in  the  space 
between  the  upper  guard  gate  and  upper  main  gate  is  regulated. 
Water-Level  Indicator. 

The  water-level  indicator  has  an  important  bearing  on 
the  time  in  which  the  lockage  of  a  ship  may  be  accomplished, 
since  the  rate  of  filling  or  emptying  the  lock  may  be  observed 
on  the  indicator.  When  the  water  levels  between  the  two 
locks  are  very  nearly  equalized,  the  rate  of  change  is  slow;  it 
is  therefore  very  important  for  expeditious  lockage  that  the 
lock  gates  be  operated  just  as  the  water  levels  above  and  below 
the  pair  of  gates  are  equal.  The  water  level  indicators  will 
show  these  levels  to  an  accuracy  of  one-twentieth  of  a  foot. 
Local  Oontrol. 

The  control  connections  are  arranged  in  such  a  manner 
that  each  individual  machine  may  be  controlled  locally.  This 
arrangement  provides  for  emergency  operation,  should  the  con- 
trol circuits  from  the  control  house  be  out  of  order. 

The  local  control  was  used  on  September  26th  when  the 
first  vessel,  the  tug  "Gatun",  was  passed  through  the  locks  at 
Gatun  from  the  Atlantic  Ocean  to  Gatun  Lake,  and  on  the  fol- 
lowing day  on  its  return  trip. 
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INTRODUCTION. 

The  first  attempt  to  establish  a  means  of  land  transporta- 
tion across  the  Isthmus  of  Panama  was  made  early  in  the  six- 
teenth century.  The  effort  culminated  in  the  construction  of 
the  stone-paved  mule  trail  called  the  *' Royal  Road'',  which 
connected  the  settlement  of  Nombre  de  Dios  and  the  Atlantic 
fortress  of  Porto  Bello  with  old  Panama,  a  thriving  seaport  on 
the  Bay  of  Panama.  It  was  completed  in  1533  and  used  for 
many  years.  In  1536  an  easier  route  was  followed  by  traveling 
up  the  Chagres  River  to  Cruces,  thence  over  the  trail  to 
Panama. 

In  1847  a  French  syndicate  succeeded  in  obtaining  a  con- 
cession from  the  Government  of  New  Granada  to  construct  a 
railroad  across  the  Isthmus  of  Panama.  The  project  failed,  due 
to  the  lack  of  the  necessary  funds,  and  the  concession  became 
void  the  following  year.  The  finding  of  gold  in  California  in 
1848  furnished  the  incentive  to  three  Americans  to  secure  a 
similar  concession  with  a  view  of  meeting  the  increased  traffic 
resulting  from  this  discovery.  This  concession  was  exclusive, 
and  covered  means  of  transit  across  the  Isthmus,  whether  by 
canal,  railroad  or  highway. 

It  is  not  the  purpose  of  this  paper  to  dwell  upon  the  early 
history  of  the  Panama  Railroad ;  suffice  it  to  say  that  the  new 
American  company  was  organized  in  1850,  and,  after  over- 
coming almost  insurmountable  difficulties  in  the  construction 
of  the  railroad  through  the  dense  swampy  jungle  and  in  the 
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unhealthy  climate,  completed  the  line  from  ocean  to  ocean  in 
1855,  antedating  by  fourteen  years  the  first  transcontinental 
railroad  in  the  United  States.  The  new  railroad  paralleled 
the  trail  of  the  old  Spanish  mule  trains,  and  for  many  years 
did  a  very  lucrative  business.  Instead  of  carrying  golden  treas- 
ure and  adventure  seekers,  it  transferred  hardy  pioneers  and 
many  thousand  tons  of  manufactured  goods  from  ocean  to 
ocean.  The  railroad  company  later  expanded  and  acquired  a 
steamship  line  on  either  coast.  The  line  on  the  Pacific  side 
was  soon  abandoned;  the  eastern  line  continues  to  this  day. 

When  the  French  Canal  Company  commenced  operations 
on  the  Isthmus  in  1879,  they  first  made  traffic  arrangements  with 
the  Panama  Railroad,  and  later  acquired  a  controlling  interest 
in  the  Company  in  order  to  operate  the  road  to  their  advantage, 
and  to  extinguish  its  exclusive  concession.  They  purchased  68,- 
887  shares  of  the  70,000  shares  of  stock,  at  $291.00  per  share, 
and  in  1883  assumed  charge  of  the  road.  During  the  period  of 
French  control,  several  diversions  of  the  railroad  were  made 
necessary  in  order  to  remove  it  from  the  prism  of  the  Canal, 
the  most  notable  of  which  was  the  change  of  line  in  the  vicinity 
of  the  Culebra  Cut  at  Rio  Grande,  accomplished,  in  1899,  at  a 
cost  of  $212,873.00. 
Panama  Bailroad  Acquired  by  United  States  Govemment. 

The  United  States  took  over  the  Panama  Railroad,  in  1904, 
when  it  acquired  the  property  and  assets  of  the  French  Canal 
Company,  and  purchased  the  few  outstanding  shares  of  rail- 
road stock  from  private  holders.  It  secured  the  steamship 
branch  of  the  service  at  the  same  time. 

The  shipment  of  materials  and  supplies  incident  to  the 
construction  of  the  Canal,  and  the  movement  of  spoil  trains 
hauling  canal  excavation  from  Culebra  Cut  to  the  waste  banks 
established  along  the  old  line  of  the  railroad,  greatly  increased 
the  tonnage,  and  made  necessary  the  rehabilitating  of  the  road. 
The  Panama  Railroad  was  handling  a  freight  traffic  of  about 
17,000,000  ton  miles  in  1904;  this  figure  rose  to  42,000,000  in 
1906-7 ;  to  150,000,000  in  1907-8 ;  to  280,000,000  in  1908-9  and  to 
300,000,000  in  1909-10.  The  tonnage  gradually  declined  after 
1910,  as  the  excavation  from  Culebra  Cut  was  diverted  to  the 
spoil  banks  along  the  new  high-level  line,  but  it  continued  heavy 
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enough  to  tax  to  the  utmost  the  capacity  of  the  railroad  in  its 
various  transitory  stages. 
Behabilitating  the  Old  Panama  Bailroad. 

The  American  canal  authorities  decided  early  to  make  use 
of  the  Panama  Bailroad  as  an  adjunct  to  the  Canal.  Steps  were 
inmiediately  takeii  to  rebuild  the  old  railroad,  in  order  to  make 
it  adequate  for  the  new  demands.  It  was  found  necessary  to 
double-track  the  road  for  37  miles  of  its  length,  to  accommodate 
the  movement  of  spoil  trains,  construction  trains,  and  local 
railroad  business.  The  old  roadbed,  47.7  miles  long,  laid  with 
small  hardwood  ties  and  light  56-lb.  rail,  was  relaid  with  larger 
ties  and  heavier  rail;  weak  bridges  were  strengthened  and 
proper  sidings  were  provided. 

Two  distinct  processes  were  passed  through  in  changing 
from  the  original  Panama  Railroad,  as  it  existed  in  1904,  to  the 
final  permanent  line,  constructed  above  the  levels  of  the  arti- 
ficial lakes.  The  first  process  was  the  rehabilitation  and  double- 
tracking  of  the  old  line,  to  furnish  the  Isthmian  Canal  Commis- 
sion with  a  suitable  means  of  handling  their  tonnage.  The  second 
was  the  construction  of  an  entirely  new  railroad,  built  in  a  dif- 
ferent location  and  on  a  higher  level.  The  first  work  was  no 
less  necessary  and  important  than  the  second — it  was  a  step 
in  the  final  direction.  While  the  expense  involved  in  the  first 
work  was  insignificant  compared  to  the  final  task,  still  it  was 
carried  on  under  great  difficulties,  of  commercial  traffic  con- 
gestion, poor  equipment,  inadequate  side  tracks  and  interfer- 
ence by  Canal  spoil  trains.  It  was  completed  by  the  end  of  the 
fiscal  year  1907  (June,  1907),  at  a  cost  of  $1,123,477.93. 

In  building  for  the  second  track,  advantage  was  taken  of 
the  large  amount  of  spoil  available  from  the  Culebra  Cut  by 
utilizing  that  material  to  widen  the  existing  fills  sufficiently  to 
carry  another  track.  A  few  steam-shovels  were  employed  to 
widen  the  larger  cuts ;  but  to  avoid  delay  to  traffic,  old  French 
Decauville  cars  (one-third  cubic  yard  capacity)  were  used  in 
most  cases,  the  grading  being  done  by  hand. 

The  lack  of  adequate  house  tracks,  passing  tracks  and  stor- 
age yards  on  the  old  line  necessitated  the  construction  of  six- 
teen house  tracks  and  commissary  tracks  with  a  total  length  of 
17,100  feet,  8  passing  sidings  having  a  total  length  of  12,300 
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feet,  and  64,500  lineal  feet  of  yard  track  at  the  ocean  terminals. 
The  old,  small  shed  depots  were  altogether  inadequate  to  handle 
the  increased  business,  and  twelve  new  passenger  and  freight 
depots  were  built  at  the  most  important  points,  and  five  were 
remodeled. 

Due  to  the  numerous  openings  required  in  passing  through 
a  section  of  country  like  the  Chagres  Valley,  the  new  bridges 
of  the  second  main  track  were  quite  an  item  of  expense. 
Cooper's  E-50  loading  was  adaptable  to  the  maximum  train 
load,  and  all  bridges  were  built  to  that  standard.  The  old  main- 
line bridges  consisted  mainly  of  iron  or  steel  girders  under  60 
feet  in  length,  supported  on  masonry  abutments.  These  girders 
were  strengthened  by  driving  one  or  more  pile  bents  under 
them  to  shorten  the  span.  Pile  bridges  were  used  entirely  in 
the  second  track. 

The  crossing  of  the  Chagres  River  at  Barbacoas  was  ac- 
complished on  a  bridge  650  feet  long,  consisting  of  six  iron 
through  plate-girder  spans.  To  avoid  the  expense  of  double- 
tracking,  a  gauntlet  track  was  laid  across  this  bridge,  suitably 
protected  by  automatic  signals.  Three  of  the  old  spans  over  the 
river  channel  were  replaced  by  new  steel-girder  spans,  and  the 
three  remaining  iron  girders  were  strengthened  by  a  complete 
new  floor  system  and  new  intermediate  steel  bents  built  up  from 
solid  foundations. 

The  old  Panama  Railroad,  in  its  remodeled  <;ondition, 
handled  a  heavy  and  important  business  up  to  the  very  day 
the  rising  waters  of  Gatun  Lake  encroached  upon  its  roadbed, 
and  the  results  obtained  from  the  efficiency  with  which  this 
traffic  was  handled  fully  warranted  the  expenditure  involved 
in  its  rejuvenation. 
The  Necessity  for  the  High-Level  Line. 

The  reconstruction  of  the  Panama  Railroad  on  a  high  level 
was  made  necessary  by  the  plans  of  the  Isthmian  Canal  Commis- 
sion for  a  lock  type  of  canal.  The  definite  decision,  which 
abandoned  the  sea-level  project  and  adopted  the  high-level 
canal,  was  not  reached  until  June,  1906.  Immediately  after  this 
date  preparation  was  made  to  locate  and  build  the  nerw  railroad. 

The  plans  for  the  lock  type  of  canal  contemplated  the  crea- 
tion of  two  large  artificial  lakes  as  a  means  of  passing  ships 
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over  the  summit  level.  The  large  lake  on  the  Atlantic  side  of 
the  Isthmus  was  formed  by  the  great  dam  at  Gatun.  This  lake 
had  an  area  of  164  square  miles  and  its  waters  inundated  the 
roadbed  of  the  old  track  to  a  depth  of  from  15  to  70  feet, 
through  the  Chagres  Valley  section.  The  Miraflores  Lake,  on 
the  Pacific  slope,  also  covered  the  railroad  tracks  for  several 
miles. 

As  the  right  of  way  of  the  old  Panama  Railroad  crossed 
and  recrossed  the  axis  of  the  canal  at  several  points  between 
the  terminals,  it  was  necessary,  in  order  to  avoid  these  cross- 
ings, to  place  the  new  railroad  entirely  on  the  east  side  of  the 
Canal. 

The  old  line  of  the  railroad  was  laid  from  Colon  to  Gatun, 
a  distance  of  seven  miles,  over  a  soft  marsh,  very  little  above 
tidewater.  At  Gatun  the  Chagres  River  was  reached  at  an 
elevation  of  fifteen  feet  above  mean  sea-level,  and  the  old  line 
practically  followed  the  river  on  a  water  grade  as  far  as  Mata- 
chin,  at  which  point  it  commenced  to  climb  over  the  continental 
divide,  finally  dropping  down  the  Pacific  slope,  through  the 
valley  of  the  Rio  Grande,  to  Panama  City.  The  old  railroad 
found  its  way  across  the  Isthmus  after  the  manner  of  any  line 
through  a  virgin  country,  by  following  the  line  of  least  resis- 
tance. There  were  no  canal  problems  to  be  taken  into  consid- 
eration at  the  time  of  its  construction.  The  grade  line  for  more 
than  half  its  length  was  laid  close  to  the  ground,  and  every 
advantage  taken  of  natural  support. 

The  new  line  presented  an  entirely  different  problem.  The 
engineers  were  required  to  build  a  railroad  on  a  high  level,  in 
the  Gatun  Lake  region  not  less  than  ninety-two  feet  above  the 
sea,  and  through  a  country  which,  for  the  greater  part  of  its 
distance,  was  naturally  very  low.  The  Chagres  River,  at  a  point 
thirty  miles  from  Colon,  was  only  forty-six  feet  above  sea-level, 
and  the  tributary  valleys  of  this  stream, near  Gatun  were  all 
much  lower,  being  from  ten  to  twenty  feet  above  mean  sea- 
level.  In  building  the  new  railroad  it  was  not  only  required  to 
remove  the  line  from  interference  with  the  Canal  prism — it  was 
required  to  build  an  entirely  different  type  of  railroad;  one 
which,  for  half  its  length,  would  be  washed  by  the  waters  of 
Gatun  and  Miraflores  Lakes. 
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THE  ORIGINAL  LOCATION  OF  THE   NEW   RAILROAD. 

The  relocated  line  of  the  Panama  Railroad  turned  oflf  from 
the  old  line  at  a  point  called  Hindi  and  made  the  climb  to 
Gatun  on  a  plus  1.25%  compensated  grade,  southbound.  It  was 
necessary  for  the  track  to  attain  an  elevation  of  95  feet  above 
mean  sea-level  when  Gatun  was  reached,  in  order  to  place  it 
safely  above  Gatun  Lake  at  elevation  plus  85.0  above  mean 
sea-level. 

Under  original  plans  the  new  line  crossed  the  low  Gatun 
Valley,  from  Gatun  to  Tiger  Hill,  and  found  support  on  the 
hills  and  ridges  east  of  the  old  main  line.  An  elevation  of  not 
less  than  92  feet  above  sea-level  was  maintained.  The  Chagres 
Biver  makes  a  sharp  bend  to  the  east  at  Matachin,  paralleling 
the  continental  divide,  and  the  new  line  crossed  the  river  at 
this  point  and  entered  the  north  end  of  Culebra  Cut.  It  was 
first  proposed  to  carry  the  new  line  through  the  Culebra  Cut  on 
a  forty-foot  berm,  along  the  east  side,  to  reach  the  town  of 
Pedro  Miguel.  Prom  this  point  the  line  gradually  dropped  to 
connect  with  the  old  track  at  a  point  two  miles  from  Panama, 
passing  through  the  Miraflores  Bidge  by  a  tunnel.  It  was  neces- 
sary for  the  line  on  the  Pacific  slope  to  maintain  an  elevation 
sufficient  to  hold  above  the  proposed  Sosa  Lake  level  (elevation 
55.00)  until  the  Diablo  saddle  was  reached  at  a  point  about  one 
mile  southeast  of  Corozal.  From  this  saddle  the  line  dropped  on 
a  minus  0.75%  southbound  grade  to  the  old  line.  As  thus  lo- 
cated, the  new  line  was  approximately  42  miles  long. 

Location  parties  were  put  into  the  field  in  July  and 
August,  1906,  under  the  direction  of  Mr.  J.  G.  Sullivan,  Assist- 
ant Chief  Engineer  of  the  Isthmian  Canal  Commission,  and  the 
preliminary  location  was  completed  in  March,  1907. 

The  old  Panama  Bailroad  was  of  five-foot  gauge,  single 
track  originally,  but  .later  partially  double  track,  to  accommo- 
date Canal  work.  The  new  Panama  Bailroad  was  located  for 
single  track,  and  the  five-foot  gauge  of  the  old  line  was  main- 
tained. Decision  was  later  made  in  1913  to  operate  double 
track  from  Pedro  Miguel  to  Panama,  a  distance  of  seven  miles, 
during  the  period  of  Canal  work;  this  section  of  double  track 
will  probably  be  retained  indefinitely. 
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PEELIMINABY  CON8TBUCTION. 

The  preliminary  location  surveys  were  made  by  forces  of 
the  Isthmian  Canal  Commisaion  under  Mr.  John  F.  Stevens, 
Chief  Engineer.  In  May,  1907,  the  construction  of  the  relo- 
cated line  was  tamed  over  to  the  Panama  Railroad  under  the 
direction  of  Mr.  "W.  G,  Bierd,  General  Manager,  with  Mr.  Ralph 
Budd,  Chief  Engineer,  in  charge  of  the  construction.  Mr.  Budd 
continued  in  charge  of  the  work  until  his  departure  from  the 


Isthmus  in  August,  1909,  when  Colonel  George  W.  Goethals  as- 
sumed its  direction  in  his  capacity  as  President  of  the  Panama 
Railroad,  and  the  writer  was  appointed  to  succeed  Mr.  Budd. 

Construction  was  confined,  during  the  first  year,  to  those 
sections  which  would  aid  Canal  plans,  as  follows : 

1.     From  Hindi  to  Tiger  Hill,  a  distance  of  five  miles. 

Work  on  the  Mindi-Tiger  Hill  section  started  in  May,  1907, 
and  consisted  in  building  the  permanent  line  from  Hindi  to 
Gatun,  and  a  temporary  line  from  Gatun  to  Tiger  Hill,  to  re- 
establish connection  with  the  old  line  at  the  latter  point.    This 
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section  of  the  new  line  was  required  immediately,  in  order  that 
the  old  railroad  track,  which  occupied  a  portion  of  the  site  for 
the  Gatun  Dam,  might  be  removed  from  the  sphere  of  Canal 
operations. 

2.  The  permanent  steel  bridge  over  the  Chagres  River  at 
Oamboa. 

The  steel  bridge  at  Gamboa  crosses  the  Chagres  River  at 
the  north  end  of  Culebra  Cut,  close  to  the  site  of  the  bridge 
erecpted  by  the  French  Canal  Company.  (See  Figure  1.)  The 
normal  river  channel  at  this  point  was  about  175  feet  in 
width ;  but  to  accommodate  the  excessive  flood  discharge  of  this 
stream,  and  to  provide  an  unobstructed  opening  for  the  proposed 
arm  of  Gatun  Lake,  whieh  would  flood  the  Chagres  River  Valley 
for  a  distance  of  nine  miles  above  the  crossing,  it  was  necessary 
to  build  a  bridge  1325  feet  in  length.  The  bridge  consists  of 
one  200-foot  through  riveted  truss  of  the  Warren  type,  and 
thirteen  80-foot  through  plate-girder  spans,  supported  by  rein- 
forced-concrete  piers  and  abutments.  It  was  completed  in  1908, 
at  a  cost  of  $225,547.46. 

3.  Four  miles  of  line  north  of  Gamboa  Bridge,  to  open 
dump  grounds  to  dispose  of  spoil  from  Culebra  Cut. 

Immediately  north  of  the  Gamboa  Bridge,  the  new  line 
crossed  several  large  valleys  tributary  to  the  Chagres  River, 
which  afforded  space  for  many  cubic  yards  of  spoil,  and  their 
close  proximity  to  the  Culebra  Cut  made  them  advantageous 
dumping  grounds  for  this  material.  A  steam  shovel  and  pile 
driver  were  taken  across  the  Chagres  River  on  temporary  track 
and  started  to  work  before  the  completion  of  the  bridge.  By 
the  time  the  bridge  was  ready  for  traflSc,  a  large  part  of  this 
section  had  been  completed. 

4.  The  Pedro  Miguel-Corozal  section  of  the  line. 

The  work  on  the  Pedro  Miguel-Corozal  section  of  the  line 
consisted  in  the  construction  of  two  large,  reinforced-concrete, 
arched  culverts,  22  by  24  feet,  one  at  the  Pedro  Miguel  River 
and  the  other  at  the  Caimitillo  River ;  the  Miraflores  Tunnel  and 
approaches ;  and  the  grading  on  the  65-foot  level  near  Corozal. 
The  culverts  were  built  in  order  to  make  it  possible  to  utilize 
Canal  spoil  in  building  the  embankments  between  Pedro  Miguel 
and  Miraflores. 
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•    THE  REVISED  LOCATION. 

Change  in  Location  of  Locks  at  the  Pacific  End  of  Canal. 

Several  changes  in  the  location  of  the  new  railroad  became 
necessary  during  the  early  period  of  construction.  In  Decem- 
ber, 1907,  the  plans  of  the  Isthmian  Canal  Commission  for  a 
lock  and  dam  site  near  Sosa  Hill  on  the  Pacific  slope  were 
changed,  and  for  military  and  engineering  reasons  the  locks 
were  moved  inland  and  located  at  Miraflores  Ridge.  This 
change  made  the  continuation  of  the  line  on  a  65-foot  level 
beyond  Miraflores  Lake  unnecessary.  A  new  location  was  made 
from  Miraflores  on  a  gradient  dropping  24  feet  to  the  mile, 
southbound,  which  permitted  of  a  connection  being  made  with 
the  old  main  line  at  Corozal.  This  resulted  in  a  saving  of  two 
miles  in  the  length  of  the  line,  although,  unfortunately,  a  large 
amount  of  work  had  already  been  accomplished  under  the 
former  plan. 

Abandonment  of  the  Gatim-Tiger  Hill  Line. 

In  the  preliminary  soundings  and  borings  which  were  made 
to  determine  what  foundation  existed  under  the  swampy  bot- 
tom of  the  Gatun  Valley,  and  in  the  progress  of  the  work  on  a 
large  embankment  in  the  immediate  vicinity  of  Gatun  Ridge 
(Mile  7),  it  became  apparent  that  the  construction  of  a  one 
and  a  half  mile  long  embankment  from  Gatun  to  Tiger  Hill,  as 
originally  contemplated,  would  involve  serious  difficulties.  An 
exhaustive  study  was  made  of  this  valley,  and  diamond  drill 
borings  were  made  at  close  intervals  throughout  the  area  of 
the  proposed  base  of  the  fill.  These  investigations  showed  that 
the  underlying  strata  in  the  Gatun  River  Valley  consisted  of  a 
top  layer  of  from  20  to  25  feet  of  fairly  solid  clay  and  sand, 
over  alternating  layers  of  very  soft  clay,  decomposed  wood, 
sand  and  silt,  while  bed-rock  was  from  150  to  225  feet  below 
the  general  level  of  the  ground.  (See  Plate  I.)  The  elevation 
of  this  ground  was  from  8  to  10  feet  above  mean  sea-level,  and 
to  build  an  embankment  with  the  top  but  seven  feet  above  the 
normal  lake  level  would  require  a  center  height  of  84  feet,  a 
top  width  of  40  feet,  side  slopes  of  1  on  2,  and  a  total  yardage 
of  4,250,000  cubic  yards. 

It  was  early  demonstrated,  by  the  difficulty  encountered 
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in  building  the  large  embankment  in  Mile  7  (see  Fig.  2),  that 
the  soft  underlying  Btrata  would  not  permit  the  placing  of  a 
pressure  of  three  or  more  tons  to  the  square  foot  on  the  ground, 
without  failure  in  the  foundation,  settlement  of  the  filled-in 
material,  and  upheaval  in  the  natural  ground  beyond  the  slope. 
It  required  that  the  supporting  area  be  enlarged  by  extending 
the  sides  to  a  1  on  4  or  1  on  5  slope,  thereby  reducing  the  weight 
per  square  foot  of  base  and  counteracting  the  tendency  to 
"push  up"  beyond  the  base  of  the  fill. 


Flc-  S.     Lusa  Embukmuit  >t  BUI*  7,  Built  ID  TbiM  LanU. 

Experience  gained  later  in  the  actual  construction  of  the 
immense  embankments  in  the  upper  Gatun  Valley,  referred  to 
in  the  latter  part  of  this  paper,  proved  conclusively  that  the 
embankment  across  the  lower  valley  could  never  have  been 
constructed  with  slopes  less  than  1  on  5,  which  would  have 
involved  handling  material  to  the  amount  of  9,300,000  cubic 
yards.  There  were  two  other  embankments  on  the  line  in  wide, 
deep  valleys  (one  between  Tiger  Hill  and  Lion  Hill,  and  the 
other  at  the  south  point  of  Lion  Hill)  the  construction  of  which 
would  have  involved  similar  difficulties. 
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The  Chief  Engineer  made  a  report,  based  upon  the  result 
of  these  investigations,  advising  against  the  construction  of  the 
Gatun-Tiger  Hill  Line,  but  inasmuch  as  it  was  imperative  that 
the  old  tracks  at  the  Gatun  Dam  be  removed,  in  furtherance  of 
Canal  plans,  it  was  decided  to  build  a  temporary  line  across  the 
Gatun  Valley  on  a  low  level  to  connect  the  high  line  at  Gatun 
with  the  old  line  at  Tiger  Hill.  A  steel  viaduct  was  designed 
and  considered  for  this  crossing,  but  the  idea  was  abandoned 
on  the  theory  that  it  would  be  inexpedient  to  maintain  this 
steel  structure,  submerged  for  75  feet  of  its  height  in  the  waters 
of  Gatun  Lake. 
New  Surveys. 

Li  the  early  part  of  1908,  locating  parties  were  put  in  the 
field  to  seek  another  crossing  of  the  Gatun  Valley.  It  was 
known,  by  reference  to  existing  topographical  maps,  that  a 
supported  line,  swinging  up  the  Gatun  Valley  and  crossing  the 
river  where  the  foothills  approached  the  banks,  would  have 
involved  an  extra  distance  of  from  20  to  25  miles,  and  would 
have  placed  the  line  far  beyond  the  limit  of  the  Canal  Zone. 
Such  a  location  was  not  considered  practicable. 

An  upper  crossing  of  the  Gatun  Valley,  eliminating  some 
of  the  objectionable  features  of  the  lower  crossing  and  lying 
within  the  Canal  Zone  limits,  was  found  about  four  and  a  half 
miles  east  of  the  first  location,  but  this  line  joined  the  original 
location  at  Bohio,  and  an  objectionable  detour  was  left  in  the  line 
by  swinging  back  to  Bohio  in  the  manner  described.  By  fur- 
ther efforts,  a  low  saddle  was  developed  in  the  Bohio  Bidge 
about  two  miles  east  of  the  original  location,  and  the  engineers 
finally  produced  the  line  from  the  upper  Gatun  River  crossing 
through  this  gap  in  the  hills,  with  very  good  general  alignment, 
and  joined  it  with  the  original  location  near  Prijoles.  A  fur- 
ther change  was  later  made  between  Prijoles  and  San  Pablo  by 
moving  the  line  back  from  the  edge  of  the  proposed  lake  into 
the  hills,  for  the  purpose  of  securing  similar  advantages  in 
shallow  valley  crossings  and  general  alignment.  A  project  was 
considered,  at  this  time,  to  run  the  new  main  line  directly  from 
the  Colon  Terminal  Yard  to  connect  with  the  revised  location 
at  Mile  11  (Quebrancha),  which  route  would  save  about  five 
miles  in  distance  across  the  Isthmus.    A  final  location  for  such 
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a  connection  with  the  Atlantic  terminal  city  was  made,  but  the 
scheme  was  abandoned,  as  it  required  that  Gatun  be  placed  on 
a  branch  line,  which  was  considered  decidedly  objectionable. 

The  line  as  finally  located  over  the  new  route  made  up  the 
distance  lost  by  the  four-mile  detour  to  the  east  along  Gatun 
Bidge  by  securing  much  better  general  alignment  from  the 
crossing  of  the  Quebrancha  Valley  (Mile  11)  to  Caimito  (Mile 
26),  a  common  point  on  the  Chagres  River,  the  revised  location 
being  780  feet  longer  than  the  original  location.  (See  map, 
accompanying  Gen.  Goethal's  introductory  paper,  for  revised 
location.) 

CONSTRUCTION  V^ORK  ALONG  THE  ACCEPTED  LINE. 

The  adopted  location  turned  sharply  to  the  east  at  Gatun 
and  followed  the  95-ft.  contour  along  the  south  slope  of  the 
Gatun  Ridge  for  four  miles,  then  turned  south  and  crossed  the 
wide  Gatun  Valley.  While  the  change  to  this  upper  crossing 
had  lessened  many  of  the  difficulties  encountered  on  the  origi- 
nal line,  it  was  still  an  exceedingly  hard  problem  to  build  a 
high-level  line  across  this  low  valley.  After  leaving  solid  sup- 
port on  the  Gatun  Ridge,  the  line  crossed  the  valleys  of  the 
Quebrancha,  the  Brazos,  the  Baja,  and  the  Gatun  River,  in  the 
order  named,  in  a  total  distance  of  three  miles.  The  first  three 
streams  were  tributary  to  the  Gatun  River.  The  hills  interven- 
ing between  their  swampy  bottom-lands  may  be  likened  to 
stepping-stones  across  a  wide  morass.  The  amount  of  material 
available  from  the  main  line  cuts  was  insignificant  compared  to 
the  amount  required  to  build  the  embankment. 

Advantage  was  taken  of  the  existence  of  the  old  railroad  to 
build  spur  tracks  into  the  new  line,  to  carry  labor,  equipment, 
material  and  supplies  to  the  work.  Important  connecting 
tracks  were  built  at  Gatun,  Frijoles,  Barbacoas,  Matachin,  and 
Miraflores.  A  large  force  of  men  was  employed  during  the 
years  1908  and  1909.  The  energy  was  principally  applied  to 
the  effort  to  reach  the  large  embankments  in  the  upper  Gatun 
Valley. 

The  track  from  Gatun  (Mile  7)  and  from  Frijoles  (Mile 
18)  was  gradually  pushed  ahead  towards  this  section  and  the 
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big  valley  was  reached  in  January,  1910,  Extensive  diamond- 
drill  borings  bad  been  taken  over  tbese  swampe  to  determine 
the  character  of  the  ground.  It  was  found  that  the  material 
was  closely  allied  to  that  found  in  the  lower  valley  at  Qatun. 
There  were  two  points  distinctly  favorable,  however:  First, 
the  floor  of  these  swamps  was  at  s  higher  elevation  than  was 
the  ease  on  the  original  line  (the  Quebraneba  being  at  eleva- 
tion plus  20.00  above  mean  sea-level,  the  Brazos  at  plus  35.0, 


and  the  Baja  at  plus  15,0)  j  and,  second,  bed-rock  in  all  of  the 
upper  bottoms  was  found  at  a  higher  level. 

It  was  decided  to  build  the  1800-ft.  fill  over  the  Quebrancha 
Valley  in  three  levels.  A  temporary  trestle  was  driven  at  the 
east  edge  of  the  right  of  way  at  an  elevation  of  plus  50.0  above 
mean  sea-level  (thirty  feet  above  the  natural  ground)  in  such  a 
manner  that  it  would  coincide  with  the  slope  of  the  completed 
fill.    (See  Figs,  3  and  4.) 

The  work  proceeded  in  January  and  February   of  1910 
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according  to  this  scheme.  The  grade  of  the  temporary  con- 
struction track  was  raised  10  ft.  when  it  was  extended  over  the 
solid  ground  intervening  between  the  Quebrancha  and  the 
Brazos,  so  that  the  temporary  trestle  over  the  latter  valley  was 
driven  at  an  elevation  of  60  above  mean  sea-level,  the  plan 
being  to  complete  the  Brazos  embankment  in  two  stages. 

The  temporary  trestles  over  these  swamps  met  on  the  12th 
day  of  April,  1910,  making  track  connection  between  Gatun 
and  Prijoles.  The  efforts  were  then  concentrated  on  the  prob- 
lem to  ''make  the  dirt  fly".  There  were  5,000,000  cubic  yards 
of  material  to  be  placed  in  these  swampy  valleys,  three  miles  in 
extent,  and  formed  into  a  permanent  railroad  embankment. 
The  cry  went  out  for  heavy  steam  shovels,  dump  cars,  and 
engines,  and  in  a  short  space  of  time  material  excavated  from 
nearby  borrow  pits  was  being  placed  in  embankment  at  a  rapid 
rate.  The  construction  force  went  to  work  methodically  to  get 
the  greatest  output  from  each  steam  shovel,  and  to  place 
the  most  yardage  at  the  least  cost.  How  successful  they 
were  can  best  be  realized  by  reference  to  the  monthly  re- 
ports appearing  in  the  Canal  Records  for  that  period,  detail- 
ing the  daily  and  monthly  output  obtained.  The  records  of  the 
world-famous  Culebra  Cut  were  equalled  and  surpassed,  and 
one  of  these  steam  shovels.  No.  257,  operated  by  the  same  crew, 
broke  all  world's  records,  so  far  as  known,  by  excavating  a 
total  of  714,777  cubic  yards,  place  measurement,  of  which 
amount  678,079  cubic  yards  was  solid  rock,  in  twelve  working 
months.  This  paper  would  not  be  complete  if  the  writer  at  this 
juncture  did  not  refer  to  Mr.  H.  P.  Warren,  Engineer  of  Con- 
struction, and  to  Mr.  M.  B.  Connolly,  Superintendent  of  Con- 
struction, who  took  the  keenest  interest  in  maintaining  the  high 
steam-shovel  averages.  Neither  of  these  gentlemen  would  miss 
a  night  without  securing  the  daily  output  of  each  steam  shovel 
on  the  line  and  comparing  it  with  other  records,  and  if  a  steam 
shovel  failed  to  make  a  good  showing  there  was  deep  concern 
and  immediate  inquiry  as  to  the  reason  why. 

With  this  close  attention  to  the  problem  of  building  the 
immense  embankments,  and  while  carrying  on  very  heavy  con- 
struction work  at  other  parts  of  the  line,  the  grade  across  the 
swampy  Gatun  River  section  was  finally  completed  in  January, 
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1912,  but  not  without  the  most  serious  difficulties  in  the  final 
stages.  Plates  8  and  9  show  the  proposed  sequence  of  operation 
in  the  construction  of  the  Quebrancha  embankment  (Mile  11). 
The  theoretical  limits  of  the  fill  as  originally  planned  are  indi- 
cated by  a  broken  line,  enclosing  a  40-ft.  roadbed  with  a  1  on  2 
slope.  When  the  first  deck,  to  elevation  plus  50.0,  was  com- 
pleted (areas  1  and  2,  Fig.  3),  the  second  deck  was  started  at 
elevation  plus   75.0.      (See  Pig.   5.)      The  trestle,  which   was 


Tig.  E.  Xtlocatlati,  Puuuna  BiUraBd.  Tha  Qnibiuieh*  Bottom,  looking  North. 
FUit  n«ck  af  nil  Oompl*t*d.  8>cond-D»ck  Tnitla  DiiTW  and  FtxHj  FUlad. 
Mtrch,  leil. 

used  as  falsework  for  placing  this  intermediate  deck,  was  about 
three-quarters  filled  when  a  serious  settlement  occurred,  ac- 
companied by  an  upheaval  of  the  natural  ground  beyond  the 
toe  of  the  slope.  This  movement  indicated  that  it  was  neces- 
sary to  spread  the  foundation  further  and  counterweight  the 
toe  of  the  slope.  By  widening  alternately  on  the  lower  level 
and  filling  on  the  intermediate  level,  the  equilibrium  of  the 
higher  mass  was  maintained,  and  the  great  fill  was  gradually 
brought  to  final  grade.    In  this  process  the  lower  deck  reached 
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a  slope  of  1  on  5.  The  intermediate  deck  on  the  75-foot  level 
was  filled  in  and  widened  out  to  a  final  slope  before  the  attempt 
was  made  to  raise  the  grade.  In  raising  the  grade,  temporary 
false  work  was  not  used — the  till  was  brought  up  by  raising  the 
track  on  the  center  line  to  final  grade  at  elevation  plus  92.0. 
1,000,000  cubic  yards  was  placed  in  this  fill.     (See  Fig.  6.) 

The  construction  of  the  long  embankment  over  the  Brazos 
Valley  (4800  feet  long  and  containing  2,000,000  cubic  yards) 


Fig.  B.     Salocttlon,  Puiuiu  Ballroid.    Tha  Qnalnuichk  Bottom,  looUng  Nerth. 

and  the  embankment  over  the  Baja  Valley  (1500  feet  long  and 
containing  600,000  cubic  yards)  was  handicapped  by  similar 
difficulties.  In  the  Brazos  Valley  the  elevation  of  the  ground 
was  plus  35.0  above  mean  sea-level  and  the  first  trestle  was 
driven  to  elevation  plus  60.0.  (See  Fig.  7.)  The  trestle  was 
fiUed  and  the  entire  base  of  the  embankment  was  placed,  allowing 
for  1  on  2  side  slope  and  a  40-ft.  width  of  roadbed.  A' track 
was  then  laid  on  the  center  line  at  this  60-ft.  level,  and  an  effort 
was  made  to  bring  the  embankment  to  final  grade  by  raising 
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Fig.  T.     LooUni  South  oru  tbs  Bnux  Vtlltj  Dalon  nUlng  Mil*  12.     Juk,  ISIO. 
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the  track  on  material  hauled  from  nearby  borrow-pita.  (See 
Fig.  8.)  A  track  shifter  waa  used  to  very  good  advantage  on 
this  work.  The  dump  track  had  nearly  reached  ita  final 
level  when  a  serious  settlement  occurred.  The  upper  mass 
dropped  about  30  ft.  and  the  movement  was  accompanied  by 
the  usual  raising  of  the  natural  ground  beyond  the  toe  of  the  1 
on  2  slope,  showing  that  the  soft  underlying  strata  had  been 
displaced.    A  dump  track  was  laid,  on  either  side  of  the  lower 


Fig.  9.     BtlooUan  of  J 

base,  at  elevation  plus  60.0  and  used  to  widen  the  base  to  a  1 
on  3  slope  before  any  more  material  was  placed  on  the  high 
level.  The  top  was  then  raised  to  elevation  plus  89.0  and 
widened  to  40  ft.,  and  allowed  to  stand  at  that  level  for  about 
18  months.  (See  Fig.  9.)  At  the  end  of  that  period  the  waters 
of  the  Qatun  Lake  had  risen  to  within  10  feet  of  their  final 
stage,  submerging  the  slopes  of  the  embankment  on  either  aide 
to  a  depth  of  40  feet.  It  was  assumed  that  the  partially  sub- 
merged embankment  would  weigh  less  than  the  dry  fill  and 
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that  the  pressure  of  the  water  along  the  edge  of  the  fill  would 
have  a  tendency  to  prevent  the  natural  ground  from  raising  up. 
Under  this  reasoning  more  weight  was  added  to  the  top.  The 
embankment  was  raised  five  feet  (it  having  settled  two  feet  in 
the  18-months'  period),  widened  to  the  full  40-ft.  width  and  was 
thoroughly  rip-rapped  with  good  rock  along  the  slopes,  to  pre- 
vent wash  by  wave  action,  without  any  movement  of  the  filled- 
in  mass  or  settlement  of  its  foundation. 


Fig.  11.     BalpcaUon,   Puuuu  Ballroad.    Tha   Qaebllda  Bftjk,   laakUi«  Hoith. 

Methods  similar  to  those  above  described  were  employed 
in  filling  the  Baja  Valley,  where  lite  failure  of  the  foundation 
was  encountered,  (Figs.  10,  11  and  12.)  There  was  no  fail- 
ure in  the  foundation  under  the  embankment  across  the  Qatun 
River  proper.  A  small  slide  occurred  at  the  south  end,  near 
the  bridge  abutment,  but  this  was  due  to  the  movement  of  the 
filled-in  mass  seeking  equilibrium,  and  differed  entirely  from 
the  foundation  failures  above  referred  to.     (See  Pig.  13.) 

The  question  has  been  asked,  why  the  large  embankments 
in  the  upper  Gatun  Valley  were  not  made  from  spoil  secured 
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from  Culebra  Cut,  instead  of  from  borrow-pits.  This  matter 
was  given  a  good  deal  of  thought  at  the  time  and  it  was  con- 
sidered that  it  would  have  been  practically  impossible  to  haul 
sufficient  material  the  necessary  20  or  25  miles  within  the  time 
limit  given  to  complete  the  line ;  furthermore,  actual  experience 
showed  that  this  method  would  have  been  more  expensive,  aa 
the  unit  costs  on  the  borrow-pit  work  in  the  Gatun  Valley  sec- 
tion were  very  low,  in  fact,  material  was  put  in  place  for  about 
the  same  figure  it  would  have  cost  to  haul  it  from  Culebra  Cut. 


The  excavation  of  the  Culebra  Cut  was  of  supreme  importance, 
and,  had  the  authorities  attempted  to  haul  this  material  to  the 
Gatun  Valley  section,  over  the  single-track  road,  a  serious 
shortage  in  car  equipment  would  have  resulted. 

It  may  also  seem  strange  that  solid  rock  was  used  to  such 
a  large  extent  in  this  work.  It  may  be  said,  in  explanation, 
that  this  was  necessary  in  order  to  secure  the  amount  of  mate- 
rial needed.  The  engineers  were  forced  to  open  their  borrow- 
pits  in  the  immediate  vicinity  of  the  dumping  ground,  and  all 
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of  the  hills  in  that  section  were  of  a  formation  of  argillaceous 
sandstone  with  a  shallow  covering  of  elay,  "While  the  term 
"solid  rock"  has  been  used,  it  may  be  further  stated,  in  expla- 
nation, that  this  sandstone  was  very  easily  drilled  and  cheaply 
handled.  Its  specific  gravity  was  high.  For  long  periods  the 
field  cost  of  excavating  and  placing  this  material  averaged  about 
25c  per  cubic  yard,  which  included  all  expenses  of  mining, 
excavating,  hauling  and  placing. 


Tig.  13,  ailauUoii,  Puuuu  Ballroad;  Okton  Talley,  loaUsc  South.  Flnt  Daek 
af  mi  to  E1«T.  -|-  60  Oampleud.  Tnstla  for  B«Gond  DMk,  Eln.  -|-  BS,  undsr 
OanrtrnoUan.     KtxcSt,  1611. 

Completing  Qxe  Line. 

In  the  limited  space  of  this  article,  it  was  thought  proper 
to  refer  more  particularly  to  the  unusual  features  of  this  rail- 
road problem,  exemplified  by  the  building  of  the  Gatun  Valley 
embankments  over  the  soft  bottom  lands.  The  railroad  con- 
struction on  the  other  sections  of  the  line,  while  particularly 
heavy,  due  to  the  unusual  elevation  of  the  road  and  the  moun- 
tainous country,  did  not  present  the  problem  that  the  valley 
section  did.    A  glance  at  the  table  of  quantities,  page  39,  will 
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show  the  average  amount  of  grading  accomplished  to  June  30, 
1912.  It  will  be  noted  that  approximately  16,000,000  cubic 
yards  were  handled,  half  of  which  was  secured  from  Canal 
spoil. 

There  were  a  few  small  sections  of  the  relocated  line  let 
out  to  private  contractors  on  a  unit-price  basis,  but  the  major- 
ity of  the  work  was  accomplished  with  the  regular  organiza- 
tion. Instead  of  doing  everything  by  regular  day  labor,  how- 
ever, a  system  of  ''task  work"  was  used,  which  resulted  in 
securing  greater  efficiency  out  of  the  colored  West  Indian 
laborers.  For  ordinary  work  they  were  paid  on  a  basis  of  ten 
cents  for  one  hour's  work;  on  railroad  grading,  they  were  paid 
on  a  basis  of  ten  cents  for  each  Decauville  car  (one-third  to 
one-half  cubic  yard  capacity),  loaded  in  the  cut  and  placed  in 
the  embankment.  A  tally  was  kept  of  the  number  of  cars 
moved  by  each  group  of  laborers,  and  recorded  in  the  time- 
books.  Under  this  system  they  performed  two  or  three  times 
as  much  work  as  they  did  on  a  straight  hourly  basis.  The  sys- 
tem corresponds  somewhat  to  the  ordinary  station  work,  which 
is  common  in  railroad  grading.  It  was  found  that  the  West  In- 
dian laborers  could  not  be  induced  to  accept  station  work  and  be 
paid  on  a  straight  yardage  basis,  obtained  by  cross-sectioning 
the  cut  in  place.  They  were  not  educated  to  this  method  of 
doing  work,  and  all  attempts  so  to  educate  them  were  failures. 
They  insisted  on  being  paid  for  each  car  of  material  moved, 
and  they  carefully  kept  their  own  record  of  the  count. 
The  Miraflores  Tunnel. 

The  Miraflores  Tunnel  pierced  the  Miraflores  Ridge  at  an 
elevation  of  65  ft.  above  mean  sea-level.  By  June,  1908,  the 
excavation  of  the  tunnel  bore  had  been  practically  completed, 
and  timber  lining  had  been  placed  throughout  the  entire  length. 
The  north  400  feet  of  this  tunnel  passed  through  solid  rock,  the 
south  slope  of  which  lay  at  an  angle  of  45  degrees.  The  exca- 
vation of  the  approach  cut  to  the  south  portal  so  disturbed  the 
equilibrium  of  the  earth  which  formed  the  south  face  of  the 
Miraflores  Ridge  that  during  July  and  August,  1908,  the  entire 
side-hill,  stimulated  by  the  action  of  the  tropical  rains,  began 
moving  southward  along  the  axis  of  the  timnel,  and  also  slightly 
eastward  at  an  angle  of  60  degrees  from  the  direction  of  its 
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axis.  This  carried  the  earth  section  of  the  tunnel  with  it,  and 
literally  twisted  the  tunnel  to  pieces.  The  timbering  in  the 
earth  section,  200  feet  long,  collapsed  in  September.  The  rock 
section,  420  feet  long,  at  the  north  end,  was  not  affected,  and 
was  lined  with  concrete  during  September,  October  and  No- 
vember, 1908.  Work  was  discontinued  in  the  earth  section 
until  the  beginning  of  the  dry  season,  January  1,  1909,  when 
the  tunnel  was  again  opened  on  the  original  center  line  and 
grade,  and  completed  in  April,  1909,  at  a  total  cost  of  $186,- 
736.37.  The  length  of  this  tunnel  was  636  feet  from  portal  to 
portal,  and  the  cross-section  provided  a  width  of  15  feet  and  a 
height  of  21  feet  3  inches. 

The  Pedro  Miguel-Corozal  section  of  the  line,  including  the 
Miraflores  Tunnel,  was  formally  turned  over  to  the  Panama 
Railroad  for  operation  in  November,  1911.  The  long  section 
from  Gatun  to  the  Chagres  River  was  turned  over  on  February 
15,  1912.  These  sections  of  the  new  line  greatly  facilitated 
traffic  conditions  on  the  Isthmus. 
The  Gold  Hill  Line. 

It  was  contemplated  by  the  accepted  plans  for  the  high- 
level  canal,  to  pass  the  railroad  through  the  Culebra  Cut  on 
the  east  berm,  at  a  normal  elevation  of  ten  feet  above  the  pro- 
posed water-level,  but  serious  slides,  which  developed  in  the 
banks  of  the  Canal  through  the  Culebra  Cut,  caused  the  Chair- 
man of  the  Isthmian  Canal  Commission  to  appoint  a  board  of 
engineers  to  consider  the  question  of  removing  the  railroad  to 
another  location.  The  Board's  report,  approved  by  the  Chair- 
man, recommended  that  the  permanent  railroad  be  located  out- 
side the  prism  of  Culebra  Cut,  and,  accordingly,  surveys  were 
started  in  November,  1910,  to  seek  a  new  route  for  the  line. 

By  leaving  the  original  location  near  the  south  end  of  the 
Chagres  River  bridge  and  climbing  on  a  plus  1^/4%  grade, 
southbound,  it  was  found  possible  to  cross  the  continental  di- 
vide at  an  elevation  of  plus  264.0  above  mean  sea-level.  The 
line  passed  around  the  east  side  of  Gold  Hill  to  the  upper 
Pedro  Miguel  River  valley,  which  was  followed  generally  in 
dropping  down  to  join  the  old  line  at  Pedro  Miguel.  Con- 
struction work  was  started  on  this  diversion,  9^  miles  long,  in 
January,  1911,  and  completed  in  May,  1912. 
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The  necessity  for  leaving  the  Culebra  Cut  immediately  at 
the  bridge  site,  due  to  the  serious  slides  which  had  developed  in 
the  banks  of  the  Canal,  forced  the  engineers  to  lay  the  line 
through  a  solid-rock  ridge  about  one  mile  south  of  Gamboa 
Bridge,  which  required  a  very  heavy  and  expensive  cut.  The 
crossing  of  the  Agua  Prieta  Ridge  at  the  summit,  and  the  ex- 
tremely heavy  work  encountered  in  the  Pedro  Miguel  River 
valley,  all  tended  to  make  this  an  expensive  piece  of  line  to 
construct. 

While  the  work  was  very  heavy,  it  involved  no  serious  dif- 
ficulties, except  at  a  point  near  Paraiso,  in  the  valley  of  the 
Pedro  Miguel  River,  about  three  miles  south  of  the  continental 
divide.  The  river  valley  at  this  point  is  quite  narrow,  the 
stream  being  confined  by  precipitous  sides.  The  angle  of  in- 
clination of  the  underlying  rock  and  the  soft  nature  of  the  over- 
lying clay  and  soil  caused  a  serious  earth-slide  to  develop,  car- 
rying the  fiUed-in  material  with  it  to  the  far  side  of  the  Pedro 
Miguel  River  and  partially  damming  up  that  stream.  The 
attempt  to  construct  the  embankment  over  the  original  line 
was  abandoned.  By  introducing  more  curvature,  the  line  was 
benched  in  on  the  solid  rock  around  this  slide,  which  process 
involved  moving  about  300,000  cubic  yards  of  additional  ma- 
terial. Progress  photographs  illustrating  the  construction  of 
the  Gold  Hill  section  are  shown  in  Figs.  14  and  15. 

The  Gold  Hill  line  was  formally  turned  over  to  the  Panama 
Railroad  on  May  25,  1912,  and  through  trains  from  Colon  to 
Panama  commenced  operation  over  this  route  in  September, 
1912. 

Protecting  the  Submerged  Slopes  of  Embankments. 

In  building  the  embankments  throughout  the  line,  several 
factors  had  to  be  taken  into  consideration.  One  of  these  was 
the  possibility  of  failure  in  the  supporting  power  of  the  natural 
ground,  which  has  been  previously  described.  Another  was  the 
tendency  of  the  fiUed-in  material  to  slide,  en  nutsse,  due  par- 
tially to  the  nature  of  some  of  the  clay  which  it  was  necessary  to 
handle,  and  partially  to  the  eflEect  of  the  intense  rainfall  in  the 
wet  season,  the  precipitation  being  in  some  months  as  high  as  40 
inches,  with  severe  rains  at  times  of  from  five  to  eight  inches  per 
hour.    These  disadvantageous  tendencies  were  guarded  against  by 
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avoiding  all  attempts  to  fill  from  great  height  and  by  a  careful 
selection  of  the  material  for  filling  purposes,  solid  rock  gen- 
erally being  used. 

The  two  other  factors  entering  into  the  problem  were  the 
super-saturation  of  the  fiUed-in  mass,  caused  by  the  waters  of 
the  lake,  and  the  tendency  to  erosion,  caused  by  the  wave  action 
along  the  slopes  of  the  fills.  With  the  elevation  of  Gatun  Lake 
at  its  high-water  stage,  at  plus  87.50,  some  of  the  embankments 
were  immersed  to  a  depth  of  70  feet.  It  was  not  known  con- 
clusively what  action  the  water  would  have  on  these  fills.  Pro- 
vision against  sliding  had  to  be  made,  for  it  must  be  remem- 
bered that  the  fills  were  built  in  the  **dry"  and  the  water  im- 
pounded later,  and  the  only  way  to  overcome  the  tendency  to 
slide  was  to  fill  in  a  wide  base  before  adding  to  the  height  of 
the  embankment.  A  wide  berm,  or  shoulder,  was  always  left 
at  the  foot  of  the  slope  of  the  intermediate  deck.  To  overcome 
the  wave  action  along  the  top  of  the  embankments,  special 
treatment  had  to  be  applied,  in  the  nature  of  solid-rock  rip-rap 
along  the  exposed  surfaces.  This  work  was  carried  on  after 
the  completion  of  the  grading  and  while  the  road  was  under 
operation.  Selected  trap  rock  from  the  Culebra  Cut  was  used, 
the  same  being  hauled  by  Western  dumpcars  or  Lidgerwood  ears 
and  placed  on  the  slopes  by  a  large  Mann-McCann  spreader. 

The  waters  of  Gatun  and  Miraflores  Lakes  attained  their 
final  elevation  in  1914  with  no  serious  consequences  to  these 
fills. 

Reinforced-Concrete  Culverts. 

The  average  fresh-water  river  in  the  Canal  Zone,  not  ex- 
cepting the  famous  Chagres  River,  is  a  very  insignificant 
stream  during  the  dry  season,  and  towards  the  latter  part  of 
this  season  many  of  the  smaller  streams  **go  dry'*.  It  is  an 
entirely  different  case,  however,  in  the  rainy  season.  In  periods 
of  protracted  rain  these  streams  will  rise  and  spread  out 
abnormally. 

While  it  was  not  necessary  to  make  provision  for  the  maxi- 
mum-flood discharge  of  all  streams,  due  to  the  high  embankments 
used  in  most  cases  throughout  the  line  and  to  the  known  fact 
that  the  impoimded  waters  of  Gatun  and  Miraflores  Lakes  would 
eventually  flood  many  of  the  valleys  above  the  railroad  crossing. 
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nevertheless,  the  construction  of  numerous  and  costly  openings 
was  required,  to  provide  an  adequate  means  of  caring  for  the 
flood  discharge  during  construction,  and  to  act  as  equalizers 
after  the  lake  was  formed.  Throughout  the  area  of  the  lakes, 
a  saving  was  made  in  the  cost  of  culverts,  and  a  better  founda- 
tion was  secured,  by  locating  them  on  a  level  from  10  to  25  feet 
above  the  natural  stream  bed.  This  caused  stagnant  pools  to 
form  on  the  up-stream  side  of  the  fill,  which  were  a  source  of 

« 

annoyance  to  the  Sanitary  Department  of  the  Commission,  but 
the  rising  waters  of  the  lake  gradually  overcame  these  objec- 
tions. 

The  ordinary  types  of  vitrified-pipe  and  reinforced-concrete 
box  culverts  were  adopted  as  standard  for  small  openings,  the 
former  class  being  used  with  success  only  under  the  lighter 
fills.  The  larger  waterways  were  taken  care  of  by  reinforced- 
concrete  arch  culverts,  of  the  type  shown  in  Fig.  16,  or  by  large 
flat-top  boxes  of  the  type  shown  in  Fig.  17.  They  were  supported 
on  grillage  piles  or  solid  rock,  as  the  character  of  the  foundation 
dictated. 

The  Monte  Lirio  Bascule  Bridge. 

An  adequate  water  opening  had  to  be  maintained  at  Monte 
Lirio  to  carry  the  flood  discharge  of  the  great  Gatun  Valley 
and  to  prevent  any  inequality  in  the  water  surface  of  the  lake 
on  the  sides  of  the  submerged  railroad  embankments.  A  triple, 
reinforced-concrete  6-ft.  by  6-ft.  box  was  placed  in  the  Que- 
brancha  Valley,  with  a  floor  level  about  12  feet  above  the  bed 
of  the  stream,  and  smaller  openings  were  placed  at  other  points 
in  the  Gatun  Valley.  A  steel  bridge  consisting  of  three  100- 
foot  plate-girder  spans,  supported  on  reinforced-concrete  piers 
and  abutments,  furnished  the  main  opening  at  the  south  end. 

The  back  waters  of  Gatun  Lake  reach  a  point  some  dis- 
tance east  of  Gatun,  forming  an  arm  about  25  miles  in  length. 
It  was  thought  desirable,  as  a  police  and  military  measure,  to 
provide  for  the  use  of  this  arm  by  steam-propelled  tugs  or 
larger  vessels.  Accordingly,  the  Monte  Lirio  Bridge  was  de- 
signed to  provide  a  clear  channel  80  feet  wide  and  with 
a  normal  depth  of  water  of  45  feet.  A  plan  and  section  of 
this  bridge  are  shown  in  Plate  II  and  progress  photographs  in 
Fig.  18. 
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The  new  steel-girder  spans  installed  in  the  Barbacoas 
Bridge  on  the  old  line,  which  are  referred  to  in  the  earlier  part 
of  this  paper,  were  made  use  of  for  the  Monte  Lirio  Bridge. 
They  were  placed  on  reinforced-conerete  piers  and  abutments, 
and  the  center  span  was  converted  into  a  lift  span  by  the  addi- 
tion of  side-trusses,  counter-weights  and  lifting  mechanism. 
The  design  adopted  is  known  as  the  Strauss  trunnion  heel  bas- 
cule. In  this  bridge,  the  lifting  span  moves  in  a  vertical  plane, 
about  a  horizontal  axis  stationary  upon  a  pivot  pier.    The  mov- 


\ 
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able  span  assumes  a  nearly  vertical  position  when  open.  The 
bridge  is  opened  by  hand  or  electric  power,  the  movable  span 
being  finely  balanced  with  the  concrete  counter-weight,  so  as 
to  require  the  least  effort.  The  locking  device  is  connected 
with  a  mechanical  interlocking  plant  at  the  signal  tower,  and 
the  approaches  to  the  bridge  are  controlled  by  automatic  and 
home  signals. 
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The  cost  of  this  bridge  was  $83,963.56,  subdivided  as  fol- 
lows: 

Abutments  and  piers  .' $21,381.42 

Super-structure  (including  contract  price  of  bascule)....  62,582.14 

Permanent  Track. 

The  roadbed  section  adopted  for  the  new  line  is  shown  in 
Plate  III.  A  wide  section  was  used,  on  account  of  excessive 
rainfall,  to  provide  adequate  side  ditches  to  carry  the  water- 
run-oflf,  and  to  make  room  for  the  numerous  small  slides  and 
the  sedimentary  deposit  brought  down  by  the  water  falling  on 
the  slopes  of  the  cuts.  As  the  amount  of  material  required  for 
the  embankments  was  far  in  excess  of  the  excavation  for  main- 
line cuts,  this  wide  section  could  not  be  objected  to  on  the 
ground  of  additional  expense. 

The  ordinary  untreated  pine  or  cypress  cross-tie  has  a 
short  life  of  from  three  to  four  years  on  the  Isthmus  of  Pana- 
ma, due  to  the  unfavorable  climatic  conditions.  An  effort  was 
made  to  secure  native  hard-wood  cross-ties,  of  a  variety  of 
wood  known  as  guayacum,  or  lignum  vitae,  but  with  poor  suc- 
cess. The  wood  is  now  so  valuable,  to  furnish  parts  of  machin- 
ery, etc.,  that  it  cannot  be  secured  for  cross-ties.  About  8000 
were  secured  and  laid  on  the  sharper  curves.  The  balance  of 
the  line  was  laid  with  creosoted  pine  and  cypress  cross-ties, 
7  in.  X  9  in.  X  8^^  ft.,  secured  from  the  United  States.  A  tie- 
adzing  and  boring  machine,  manufactured  by  the  Greenlie 
Brothers,  Chicago,  Illinois,  was  set  up  at  Cristobal  and  all  ties 
for  permanent  track  were  adzed  and  bored  at  the  rail  seat  by 
this  machine.  The  two  parallel  surfaces  insured  a  smooth  seat 
for  the  tie  plate,  and  consequently,  an  even  wearing  of  the  rail. 
Ninety-pound  open-hearth  steel  was  laid  with  economy  tie-plates 
and  screw  spikes,  and  the  Thompson  and  Thompson  100%  rail 
joint  was  adopted  as  standard.  The  track  was  ballasted  with 
gravel  secured  from  the  Chagres  River. 

The  maximum  grades,  northbound  and  southbound,  were 
1.25%,  compensated  for  curvature  at  the  rate  of  0.04%  per 
degree. 

The  maximum  curve  was  7  degrees,  and  all  curves  were 
spiralled  in  accordance  with  the  following  table: 
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Table  Showing  Standard  Super-elevations  and  Spirals  for  Curves. 
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TBAPFIC  CONDITIONS— INTERLOCKING  AND  SIGNALS. 

With  the  old  Panama  Railroad  in  use  prior  to  February, 
1912,  the  heaviest  traffic  was  carried  over  double  track.  Trains 
:were  operated  and  spaced  by  manual  block  signals,  with  me- 
chanical interlocking  plants  at  congested  points.  When  the 
old  main  line  was  abandoned  and  the  traffic  shifted  to  the  new 
single  track,  protection  was  afforded  in  a  similar  way,  except 
that  the  numerous  block  signals  were  replaced  by  automatic 
signals,  with  occasional  train  order  signals  at  different  points. 
Numerous  and  extensive  interlocking  plants  were  necessary  to 
handle  the  traffic  over  the  new  line  at  junction  points  with  the 
old  line,  or  at  points  where  the  canal  construction  tracks  en- 
tered the  operated  line.  One  of  the  busiest  plants  was  that  at 
Tower  **R",  at  a  point  where  the  tracks  from  the  Culebra  Cut 
entered  the  main  line.  The  train  movement  at  this  point  aver- 
aged, at  one  time,  one  train  for  each  one  and  two-thirds  minutes 
for  the  working  period  of  nine  hours.  This  average  is  rarely 
exceeded  in  the  busiest  terminals  of  the  United  States. 

When  the  formation  of  Miraflores  Lake  forced  all  of  the 
Canal  trains  to  use  the  single-track  Miraflores  Tunnel,  an  ab- 
solute staff  system  was  installed,  and  the  converging  tracks 
at  either  side  were  interlocked  with  the  operated  line.    During 
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the  existence  of  heavy  traffic,  it  waa  no  uneonmion  occurrence 
to  pass  230  trains  through  the  tunnel  between  6  a.  m.  and  6  p. 
m.,  and  the  daily  average  was  over  200  trains.  The  staff  system 
controlled  the  traffic  through  the  tunnel  for  a  little  over  a  year. 
In  1914  it  was  superseded  by  automatic-signal  protection. 

The  automatic  signals  installed  on  the  new  line  are  the 
three-position,  semaphore-arm  type,  operating  in  the  upper 
right-hand  quadrant.  The  control  of  the  signal  arm  is  actuated 
by  track  circuit  controls  ranging  from  four-tenths  of  a  mile  to 
two  and  a  half  miles,  according  to  the  grade,  traffic,  and  other 
conditions.    Fig.  19  shows  a  typical  signal  aspect. 

In  introducing  automatic  signals  into  operating  problems 
on  the  Panama  Railroad,  rapidly  changing  conditions  and  the 
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peculiarities  of  the  tropical  climate  developed  many  new  details 
never  before  encountered,  although,  in  general,  the  best  signal 
practice  in  the  United  States  was  observed.  The  maintenance 
of  the  automatic  signals  at  Panama  required  considerably  more 
work  and  a  much  more  rigid  inspection,  than  in  the  United 
States,  due  to  the  deterioration  of  batteries,  the  corroding  ef- 
fects of  the  climate  on  contacts  and  the  tendency  of  all  iron  or 
steel  parts  to  rust. 

HIGH-TENSION  POWER-TRANSMISSION  LINE.     PERMANENT 

DUCT  LINE. 

In  pursuance  of  the  plans  of  the  Canal  Commission,  it  was 
necessary  to  pass  the  high-tension  power-transmission  line 
across  the  Isthmus  from  Colon  to  Panama.  The  new  Panama 
Railroad  right  of  way  was  considered  the  most  feasible  route 
for  this  line,  and  the  final  determination  with  respect  to  the 
type  and  location  of  transmission  towers  led  to  the  adoption 
of  wide  steel  towers  spanning  the  track.  These  towers  are 
located  at  intervals  of  300  feet  on  tangent  and  250  feet  on 
curves,  and  on  single  track  provide  for  approximately  15  feet 
clearance  from  the  gauge  of  the  rail  and  overhead  <;learance  of 
24  feet.     (See  Fig.  12.) 

The  theory  was  advanced  in  support  of  this  type  of  tower 
that  the  new  Panama  Railroad  would  eventually  be  electrified, 
utilizing  the  power  generated  at  the  Gatun  hydro-electric  plant. 
The  track-span  towers  would  then  become  useful  to  carry  an 
overhead  power  wire. 

The  telegraph  and  telephone  line  originally  constructed  for 
the  new  railroad  has  been  replaced  by  an  underground  system, 
to  overcome  the  electrical  disturbance  that  the  high-tension 
power  wires  would  cause  in  the  open-air  line.  A  4-way  vitrified 
duct  was  laid  in  concrete,  about  1  ft.  under  the  surface  of  the 
ground  along  the  right  of  way  of  the  operated  line.  One  of  the 
ducts  is  used  for  the  telegraph  and  telephone  cable  and  the 
other  for  the  signal  cable,  while  the  others  will  doubtless  be 
leased  to  private  cable  companies. 

COST  OF  NEW  BAILROAD. 

The  cost  of  the  new  railroad  has  frequently  been  com- 
mented upon  by  persons  writing  of  the  affairs  of  the  Isthmus. 
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The  usual  basis  for  these  criticisms,  if  criticisms  they  may  be 
called,  is  the  result  obtained  by  dividing  40  miles  of  railroad 
into  $8,500,000,  which  gives  a  figure  over  $200,000  per  mile. 
The  original  Panama  Railroad,  built  in  the  1850 's,  cost 
$7,000,000,  at  a  time  when  the  earning  power  of  this  amount  of 
money  was  far  in  excess  of  what  it  is  today.  The  old  line, 
for  the  greater  part  of  its  length,  had  a  free  grade,  and  in  the 
climb  over  the  continental  divide  heavy  construction  was  en- 
countered in  but  few  sections.  The  cost  of  the  construction  was 
high,  due,  mainly,  to  the  high  prices  paid  at  that  time  for  labor 
which,  in  turn,  was  due  to  the  unhealthy  climatic  conditions. 

The  work  of  building  the  new  Panama  Railroad  was  of  an 
entirely  diflferent  character.  The  location,  the  plans,  the  con- 
struction and  the  traffic  conditions  were  interwoven  with  the 
plans  of  the  Isthmian  Canal  Commission,  from  the  beginning  to 
the  end.  The  prime  factor  which  caused  the  high  construction 
cost  was  the  unusual  elevation  of  the  line,  to  keep  it  above  the 
waters  of  the  lakes.  The  locating  engineer,  in  reconnoitering 
for  his  line  through  any  new  country,  generally  seeks  the  aid 
of  nature  and  follows  the  route  carved  out  by  the  great  drain- 
age systems.  Such  a  course  was  followed  by  the  pioneers  of 
the  Panama  Railroad,  but  it  was  denied  to  the  later  engineers. 
The  line  had  to  be  kept  unnaturally  high  and  well  back  in  the 
foothills,  and  thus  every  tributary  of  the  Chagres  River  was 
crossed  at  right  angles,  over  wide,  deep  valleys.  There  was 
no  opportunity  for  development  at  any  of  these  crossings,  for 
the  arms  of  the  lake  thrust  out  and  flooded  the  valley  below 
and  above  the  line  and  forced  the  construction  engineer  to  fill 
in  long  embankments  between  the  points  of  support,  which, 
under  ordinary  conditions,  might  have  been  left  with  wooden 
trestles  or  steel  viaducts. 

The  minority  report  of  the  Commission  of  Engineers  which 
recommended  a  lock  type  of  Canal  estimated  the  construction 
of  a  new  railroad  at  $3,700,000.  In  this  estimate  they  made  no 
provision  for  the  climb  of  90  feet  to  reach  Gatun.  They  esti- 
mated the  cost  of  a  section  of  line  from  Gatun  to  Bohio,  9  miles, 
over  the  Tiger  Hill  Line,  the  then  accepted  route,  as  $2,000,000. 
It  has  been  shown  that  the  least  amount  of  material  required 
to  build  the  original  Gatun  fill  on  a  positive  foundation  would 
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have  been  4,200,000  cubic  yards,  and  that  this  quantity  would 
have  been  more  than  doubled  in  building  on  the  swampy  bed. 
Thus,  the  estimate  in  the  minority  report  for  the  first  section 
was  not  quite  half  enough  to  build  the  first  mile,  to  say  nothing 
of  the  immense  embankment  required  between  Lion  and  Tiger 
Hills,  between  Tiger  Hill  and  the  main  ridge,  and  through  the 
rough  country  intervening  between  these  swamps  and  Bohio. 
In  all  fairness,  it  may  be  said  that  the  engineers  who  formu- 
lated the  estimate  which  appears  in  the  minority  report  were 
without  information  regarding  the  elevation  or  extent  of  these 
swamps,  or  the  character  of  the  country  carrying  the  supported 
line.  But,  also,  in  justice  to  the  engineers  who  abandoned  the 
attempt  to  construct  over  the  Tiger  Hill  route,  it  may  be  said 
that  the  line  could  not  have  been  constructed  on  this  route 
for  many  times  the  estimate  contained  in  the  minority  report. 
The  cost  of  the  relocated  line  is  given  in  detail  in  the  following 
table,  showing  division  of  cost  and  unit  prices  to  June  30,  1912  : 

Actual  Charges  to  Account  "Relocation  of  the  Panama  Bailroad'% 

September,  1906,  to  June  30,  1912. 

Mindi-Gamboa  line,    Gold  Hill  Grand 

Description                           Paraiso-Corozal  line  Total 

Engineering $  308,122.61  38,296.55  346,419.16 

Bight-of-way  and  sta.  grounds....  543.05  543.05 

Beal  estate  72.87  72.87 

Grading    5,497,201.10  934,283.29  6,431,484.39 

Tunnels 186,736.37  186,736.37 

Bridges  and  culverts 829,592.03  79,761.48  909,353.51 

Ties  99,342.05  12,980.93  112,322.98 

Bails  147,506.78  62,305.09  209,811.87 

Track  fastenings 66,734.33  21,359.15  88,093.48 

Frogs  and  switches 8,892.97  885.31  9,778.28 

Ballast    70,013.88  11,429.45  81,456.33 

Permanent  track  232,328.20  19,942.86  252,271.06 

Bight-of-way  fences 1,177.19  1,177.19 

Crossings  and  signs 4,506.13  108.68  4,614.80 

Interlocking  and  signals 12,307.79  77.94  12,385.73 

Telegraph  and  telephone  75,655.27  21,134.55  98,789.82 

Station  buildings  35,819.71  35,819.71 

Water  stations  3,398.93  3,398.93 

Misc.  structures  2,532.01  2,532.01 

General  expenses  1,478.80  39.24  1,518.04 

Grand  totals  $7,583,962.07     $1,202,604,51     $8,786,566.58 
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The  above  amoonts  were  paid  by  Canal  appropriations. 

There  were  certain  other  charges  against  the  relocation  of 
the  Panama  Railroad  after  Jnne  30,  1912,  which  are  not  in- 
cluded in  the  above  figures.  They  would  cover  such  items  as 
installing  automatic  signals,  interlocking  plants,  etc.  The  total 
amount  would  be  email. 

A  table  showing  unit  coat  for  all  construction  work  appears 
on  the  following  page. 


Vlf'  so.    Hnr  FuMOcw  Rtatton,  ran«aw  014,  Fuuuuk 

TEBMINAL8. 

The  terminals  for  the  new  railroad  have  been  adequately 
planned.  A  new  freight  yard  has  been  constructed  at  Balboa 
and  Cristobal  in  «onoection  with  the  reinforced-concrete  ter- 
minal docks  built  at  those  points.  A  permanent  station  build- 
ing constructed  out  of  manufactured  concrete  blocks  was 
erected  at  Colon  in  1908  at  a  cost  of  $78,668.14,  and  a  per- 
manent station  building  was  erected  at  Panama  in  1913  at  a 
cost  of  $171,120.66,  including  about  $75,000  spent  on  remodel- 
ling the   train    sheds   and   tracks.      (See    Fig.    20.)    Both   of 
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these  buildings  were  paid  for  by  the  Panama  Railroad  Com- 
pany and  were  not  charged  to  relocation  accounts. 

The  main  line  from  Diablo  curve  to  Panama  has  recently 
been  shifted,  to  conform  to  the  new  terminals  at  Balboa,  and  a 
permanent  station  building  is  in  process  of  erection  at  East 
Balboa,  near  the  administration  headquarters. 

CONCLUSION. 

The  relocated  line  of  the  Panama  Railroad  was  constructed 
at  a  total  cost  of  $8,866,392.02,  from  moneys  appropriated  by 
Congress  for  the  purpose.  It  may  be  considered  purely  an 
adjunct  of  the  Canal.  The  rebuilding  in  its  new  position  was 
a  necessary  part  of  the  plan,  not  only  to  furnish  a  system  of 
transportation  during  the  period  of  Canal  construction,  but  to 
provide  a  suitable  means  of  crossing  the  Isthmus  at  all  times, 
linking  the  important  points  along  the  Canal  one  with  the 
other.  There  is  no  other  highway  across  the  Isthmus  of  Pan- 
ama— no  road  or  trail  which  could  be  used  by  man  or  beast 
to  pass  between  the  oceans.  The  old  Royal  Road  has  long  since 
been  lost  in  the  tropical  jungles  and  no  wagon  road  could  be 
constructed  across  the  Isthmus  except  at  great  expense,  and 
then  only  by  widening  and  paralleling  the  great  fills  that  have 
been  described. 

The  construction  of  the  new  road  was  fully  warranted  by 
the  work  that  it  performed  as  an  aid  to  the  Canal.  It  may 
never  move  a  pound  of  freight  after  the  Canal  is  finally  com- 
pleted ;  nevertheless,  it  was  a  necessary  part  of  the  great  $350,- 
000,000  problem.  It  was  necessary  in  construction  days  to 
furnish  the  avenue  through  which  the  millions  of  tons  of  spoil 
were  hauled  from  the  Culebra  Cut;  to  supply  the  safe  and 
systematized  route  over  which  the  45,000  Canal  employees  were 
shuttled  to  and  from  their  daily  tasks;  to  transfer  the  com- 
mercial freight  passing  over  the  Panama  route ;  and  to  furnish 
a  suitable  system  for  the  delivery  of  the  thousands  of  tons  of 
construction  material  to  the  various  divisions  and  units  of  the 
Isthmian  Canal  Commission. 
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and 

H.  D.  HINMAN,  Aasoc.  M.  Am.  Soc.  C.  E. 

Asst.  Engr.,  Pacific  Terminals,  Isthmian  Canal  Commission 

Balboa,  Canal  Zone,  Panama 


As  a  part  of  the  terminal  facilities  at  the  Pacific  end  of  the 
Canal,  the  construction  of  permanent  shops  for  the  repair  of 
marine,  canal  and  railroad  equipment  was  authorized  by  an 
Act  of  Congress  approved  August  24,  1912. 

The  repair  shops  are  built  at  Balboa  within  the  area  be- 
tween the  dry  dock  and  repair  wharves,  and  are  designed  to 
handle  the  various  classes  of  work  which  may  be  required  for 
the  maintenance  of  the  Panama  Canal,  for  other  government 
departments  and  for  private  companies.  Briefly,  they  may  be 
required  to  do  repair  work  for  the  operating  machinery  of  the 
Canal  locks,  for  the  dredging  and  towing  fleet,  the  Panama  Rail- 
road, the  Canal  fortifications,  the  United  States  Navy,  for  com- 
mercial shipping  and  for  local  manufacturing  and  contracting 
companies.  These  varied  requirements  make  necessary  a  shop 
capable  of  doing  both  railroad  and  marine  work,  as  well  as  the 
class  of  work  ordinarily  done  by  jobbing  establishments  in  the 
United  States.  The  layout  of  buildings  adopted  is  shown  on 
Plate  I.  The  longitudinal  axis  of  the  yard  runs  approximately 
northeast  to  southwest,  but,  for  convenience  in  reference,  the 
buildings  have  been  considered  as  having  their  axes  on  an  east 
and  west,  or  north  and  south,  line. 

The  site  contains,  within  the  area  on  which  the  buildings 
are  erected,  36  acres,  the  greater  part  of  which  was  low,  swampy 
land  which  flooded  at  extreme  high  tide.  Next  to  the  dry  dock 
and  near  the  toe  of  Sosa  Hill,  which  lies  along  the  south  side  of 
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this  area,  the  ground  elevation  was  about  18  feet  above  mean 
sea-level,  and  hard  andesite  rock  reached  nearly  to  the  surface. 
From  this  locality  the  ground  sloped  northward  to  the  repair 
dock,  and  along  the  waterfront  was  as  low  as  8  feet  above  sea- 
level.  Toward  the  east,  the  area  was  low  and  marshy  and  flood- 
ed at  high  tide.  The  rock  dipped  toward  the  water-front  and 
toward  the  east  until  it  reached  an  elevation  as  low  as  70  feet 
below  mean  sea-level.  The  surface  of  the  underlying  rock  was 
very  irregular  and  was  broken  by  deep  pockets,  while  the  over- 
lying strata  consisted  of  several  layers  of  black  and  red  clay, 
sea  shells,  sand  and  boulders. 

Preparing  Site : 

The  site  was  partially  occupied  by  the  Commission  settle- 
ment of  Balboa  as  well  as  several  buildings  which  formed  the 
old  native  town  of  La  Boca.  The  site  was  also  obstructed  by  a 
part  of  the  old  terminal  yards  of  the  Panama  Railroad,  the 
Quartermaster's  store  and  large  quantities  of  old  scrap  iron 
and  machinery, — all  of  which  had  to  be  removed.  It  was  de- 
cided, in  order  to  obtain  drainage,  to  bring  the  total  area  up  to 
elevation  +17.5,  and  to  fix  the  grade  of  the  shop  floors  at  ele- 
vation +18,  the  floors  of  the  repair  docks  having  been  pre- 
viously placed  at  elevation  +17.  Filling  operations  were  begun 
in  June,  1912,  with  the  material  excavated  by  steam  shovels 
from  other  terminal  work,  such  as  the  dry  dock,  and  300,000 
cubic  yards  of  earth  and  rock  were  used. 

Oeneral  Arrangement : 

The  shop  buildings  are  grouped  with  a  view  of  placing  each 
shop  as  near  as  possible  to  the  point  where  its  particular  out- 
put will  be  required.  The  machine  shop,  the  forge  shop,  the 
steel  storage  shed,  and  the  boiler  and  shipfitters'  shop,  all  lie 
at  the  west  end  of  the  yard  between  Dry  Dock  No.  1  and  the 
repair  wharves,  with  their  axes  north  and  south.  These  build- 
ings all  have  overhead  crane-runway  extensions  at  each  end  so 
arranged  that  material  can  be  placed  within  reach  of  locomo- 
tive cranes  on  the  dry-dock  wall  or  wharves,  or  can  be  handled 
to  and  from  cars  on  the  double  tracks  which  pass  under  them. 

The  planing  mill  is  placed  with  its  long  axis  east  and  west, 
as  are  all  the  remaining  shops  in  the  yard.  This  building  and 
the  lumber  storage  building  are  placed  so  that  material  can 
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readily  be  transferred  from  one  to  the  other  or  switched  to  the 
dry  dock  or  repair  wharves,  if  required  at  those  points.  The 
store-house  is  located  centrally  among  the  principal  shop  build- 
ings and  next  to  the  repair  wharves, — this  arrangement  makes 
it  possible  to  deliver  supplies  to  the  various  shop  buildings 
promptly.  The  steel,  iron  and  brass  foundries  with  the  allied 
buildings,  the  pattern  storage  and  the  coke  shed,  are  placed  on 
the  south  side  of  the  plant.  The  car  shop,  the  paint  shop,  and 
the  paint  house,  are  grouped  for  handling  the  repairs  to  Panama 
Railroad  or  Panama  Canal  cars  and  coaches,  while  the  round- 
house and  the  sand  house  stand  at  the  extreme  east  end  of  the 
yard,  convenient  to  the  line  of  the  Panama  Railroad. 

Buildings: 

Heretofore  all  shops  had  been  constructed  for  use  for  about 
10  years  only.  The  materials  to  be  used  in  the  construction  of 
these  shops,  however,  were  chosen  with  the  idea  of  durability. 

All  the  buildings  are  steel  frame  structures  and  the  main 
columns  of  the  16  principal  buildings  carry  loads  as  great  as 
173  tons.  The  12  smaller  buildings,  which  include  the  toilets, 
paint  house  and  sand  house,  have  light  column  loads.  General 
design  drawings  of  the  steel  for  all  buildings  were  made  on 
the  Isthmus;  they  showed  the  loads,  overall  dimensions,  sizes 
of  principal  members,  etc.,  but  no  connection  details,  as  it  was 
considered  advisable  to  leave  such  matters  to  the  shop  prac- 
tice of  the  contractor.  No  sections  were  used  less  than  %-inch 
in  thickness,  on  account  of  corrosion.  Bids  were  obtained  in 
the  United  States  for  the  preparation  of  detailed  drawings  and 
the  fabrication  and  erection  of  the  steel-work.  Award  was 
made  to  the  United  States  Steel  Products  Company  for  a  total 
of  5830  tons  of  structural  steel,  to  be  erected  by  the  American 
Bridge  Company,  which  covered  all  buildings  except  the  shops' 
oflSce,  amounting  to  360  tons,  contract  for  which  was  later 
awarded  to  the  Riter-Conley  Manufacturing  Company.  Table 
No.  1  gives  the  floor  space  of  each  of  the  buildings. 

Foundations : 

Tests  of  the  bearing  power  of  the  soil  were  made  where 
there  was  a  possibility  of  using  spread  footings  and  where  the 
column  loads  were  light.  The  results  showed  that  the  black  and 
red  Isthmian  clay  would  not  be  good  for  more  than  1000  pounds 
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per  square  foot  and,  therefore,  only  one  of  the  main  buildings, 
the  planing  mill,  and  a  few  columns  supporting  the  "lean-tos" 
of  the  other  buildings,  were  erected  on  soil  bearing. 

When  the  rock  was  not  lower  than  about  +1,  it  was  found 
practicable  and  most  economical  to  excavate  down  to  and  build 
concrete  piers  on  the  rock.  On  account  of  the  very  high  tide  at 
the  Pacific  entrance,  wood  sheathing  had  to  be  used,  and  there 
was  considerable  delay  caused  by  water,  which  came  in  rapidly. 
Where  the  rock  was  below  elevation  +1,  untreated  piles  were 
used  and  cut  oflf  at  elevation  +5.5  or  6.5,  depending  upon  the 
height  at  which  the  water  stood  in  the  soil.  Plates  II,  III  and 
IV  show  the  different  types  of  pile  and  concrete  foundation. 
On  the  water-front  end  of  the  machine  and  erecting  shop,  and 
the  forge  shop,  open  caissons  were  sunk  and  filled  with  concrete 
for  piers.  It  was  considered  unsafe  to  use  there  piles  of  the 
long  lengths  required,  as  the  fiUed-in  material  would  be  in  dan- 
ger of  sliding  on  the  soft  mud  later,  when  the  berths  along  the 
repair  wharves  should  be  excavated  to  — 40. 

There  is  nothing  unusual  in  the  foundation  designs,  and 
their  construction  was  accomplished  with  little  difficulty,  except 
that  caused  by  water  due  to  high  tide,  and  barges  and  other 
French  equipment  sunk  and  filled  over  along  the  waterfront. 
Fig.  1  shows  the  nature  of  the  material  encountered  in  portions 
of  the  excavation. 

The  expense  of  putting  in  the  foundations  was  very  much 
greater  than  the  condition  of  the  ground  warranted,  due  to 
their  being  placed  while  work  was  being  performed  by  other 
divisions  on  the  same  site. 

The  piles  were  driven  by  four  moon-beam  drivers  and  two 
swing  drivers,  all  using  drop  hammers,  and  propelled  about 
the  site  on  tracks,  with  the  exception  of  one  swing  driver  which 
was  equipped  with  a  steam  hammer  and  moved  about  on  skids. 
There  were  5382  piles  driven,  or  189,641  lineal  feet  for  all  the 
buildings,  the  storehouse  having  the  largest  number,  viz.,  1655 
piles,  totaling  71,052  lineal  feet.  Most  of  the  piles  rested  on 
rock,  but,  under  the  shops'  oflSce,  a  thick  layer  of  sand  and 
shells  was  found  at  about  elevation  — 7  feet,  which  was  good 
enough  for  bearing  purposes,  and  the  piles  stopped  there,  it 
being  impossible  to  penetrate  the  layer. 


PERUANENT  SHOPa  PACIFIC  TEBHIKAL8  337 

The  caiaaon  piers  were  built  of  four-foot  diameter  steel  cylin- 
ders which  were  driven  to  rock  by  a  six-ton  steam  hammer. 
The  material  was  excavated  from  the  inside  by  hand,  and 
hoisted  out  by  steam  well-drill  engines.  The  excavation  was 
extended  down  to  rock,  and  old  steel  rails  were  placed  for  rein- 
forcing the  concrete  with  which  the  cylinders  were  filled.  In 
some  cases  these  rails  were  set  and  grouted  in  boles  made  in 
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the  rock  foundation,  to  insure  the  pier  from  sliding,  if  a  small 
slide  should  develop  in  the  fill.  The  excavation  for  the  caissons 
was  tedious,  as  nearly  all  of  them  encountered  old  French 
equipment  sunk  in  the  mud  along  that  part  of  the  site.  Oxy- 
acetylene  was  used  to  cut  this  away  from  the  caisson's  shoe.  To 
brace  the  piers  still  more,  their  tops  were  tied  together  with 
reinforced  concrete  beams.  Twenty-three  caissons,  shown  on 
Fig.  2,  were  used  for  foundations  for  the  north  end  of  the  ma- 
chine and  erecting  shop,  the  bottom  resting  on  rock  as  low  as 
37  feet  below  mean  sea-level.  Eight  caissons  were  used  as  foun- 
dations for  the  supports  of  crane-runway  extensions,  two  of 
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Fig.  2.     Building  No.  1.  BCaelilne  Erecting  and  Tool  Shops.    Foundation  Details. 
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which  went  to  — 48.  Where  piles  were  not  used  for  the  founda- 
tions of  the  crane-runway  extensions  of  the  forge  shop,  two 
similar  caissons  were  sunk,  making  a  total  of  33  caissons.  For 
the  foundations  of  the  transfer  table  connected  with  the  ma- 
chine shop,  which  was  built  over  open  water,  3-foot  caissons 
were  used,  filled  with  reinforced  concrete,  for  piers.  Due  to 
the  large  amount  of  water  which  entered  the  caissons  and  to 
the  trouble  of  getting  through  the  sunken  steel  equipment  which 
was  there,  the  cost  of  these  piers  was  excessive.  The  reduction 
in  diameter  of  these  cylinders  over  those  used  for  the  main  col- 
umn foundations  proved  doubtful  economy,  as  there  was  not 
enough  room  inside  them  to  work  a  man  to  advantage.  All  the 
caisson  work  was  performed  by  the  open  method  and  a  great 
deal  of  pumping  had  to  be  done  night  and  day  in  order  that 
work  might  be  carried  on  during  low  tide. 

Under  many  of  the  heavy  machines  and  under  the  main  col- 
umns of  the  round-house  and  foundations  of  the  turntable,  pipe 
piles  filled  with  concrete,  and  reinforced  concrete  piles  were 
used.  In  the  case  of  the  round-house  and  turn-table  foundations 
and  the  engine  pits,  pipe  piles  and  concrete  piles  were  used  be- 
cause of  the  soft  condition  of  the  ground,  which  had  been  made 
by  hydraulic  fill  from  the  Inner  Harbor  excavation.  On  account 
of  the  softness  of  this  fill,  no  excavation  could  be  carried  on  in 
order  to  cut  piles  oflf  at  elevation  +6.0,  as  would  have  been  re- 
quired had  wooden  piles  been  used.  The  pipe  piles  were  made 
by  screwing  together  10-inch  or  12-inch  standard  wrought-iron 
pipe,  and  driving  it  in  the  leads  of  a  pile-driver,  after  having 
put  a  cast  iron  shoe  on  the  lower  end.  When  the  pile  was  down 
to  rock,  four  to  six  %-inch  reinforcing  bars  were  placed  in  it, 
tied  in  a  circular  form  and  the  pipe  filled  with  a  rich  mixture 
of  concrete.  Plate  V  shows  the  design  of  the  foundations  under 
the  roundhouse. 

Owing  to  the  variation  in  bearing  value  of  the  soil  at  dif- 
ferent points  throughout  the  buildings,  the  foundations  for  ma- 
chines varied  considerably  in  type.  Some  were  carried  on  piles 
and  some  on  concrete  piers  to  rock,  while  others  were  on  earth 
firm  enough  to  support  them.  Fig.  3  shows  the  foundations  for 
cranes  in  the  center  of  the  forge  shop,  and  illustrates  the  use 
of  deep  piers  and  piles.     Plate  VI  covers  typical  foundations 
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for  uiachmes  in  the  north  half  of  the  east  aisle  of  the  boiler  shop 
and  shows  where  the  earth  was  firm  enough  to  support  them 
without  going  down  to  rock  foundations. 

There  was  a  total  of  33,074  cubic  yards  of  excavation  for 
the  shops'  foundations  and  6153  cubic  yards  were  excavated  for 
placing  the  footings  for  the  machines.  A  total  of  9510  cubic 
yards  of  concrete,  in  which  there  was  used  204,230  pounds  of 
steel  as  reinforcing,  was  placed  for  the  foundations  for  the 
btuldings,  and  5438  cubic  yards  were  contained  in  the  footings 
for  the  various  machines,  ash  pit,  turntable  and  transfer  table. 
In  the  5438  cubic  yards  for  machine  footings,  there  was  placed 
428,989  pounds  of  reinforcing  bars,  beams  and  bolts. 

The  erection  of  the  structural  steel  was  somewhat  unusual, 
in  that  it  comprised  the  erection  of  a  large  number  of  buildings 
at  one  time  on  the  same  site,  25  being  erected;  and  also,  dne  to 
the  fact  that  all  the  erection  work  was  done  with  the  use  of 
locomotive  cranes,  alone,  fitted  with  special,  long  gooseneck 
booms.  Figure  4  shows  one  of  these  cranes  being  used  in  the 
erection  of  the  roundhouse  and  foundry.  All  the  track  work 
connected  with  the  transportation  of  material  and  locomotive 
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cranes  was  done  by  the  Panama  Canal.    Erection  of  steel  began 
on  April  23,  1913,  and  was  completed  November  30,  1913. 
Booflng: 

Special  inquiries  were  made  in  the  United  States  to  find  a 
satisfactory,  durable  roof  covering  which  would  resist  the  severe 
climatic  conditions  on  the  Isthmus;  and  a  contract  was  even- 
tually entered  into  with  the  American  Cement  Tile  Company 
for  the  manufacture  and  erection  of  large  interlocking  rein- 
forced cement  tile,  which  were  hung  directly  on  the  channel-iron 
roof  purlins.  These  tile  were  manufactured  on  the  Isthmus,  the 
Panama  Canal  supplying  the  raw  material,  i.  e.,  cement  and 
sand,  and  the  contractor  supplying  all  waterproofing,  equipment 
and  labor.  The  tiles  were  made  in  varying  sizes,  the  standard  be- 
ing 24  in.  by  52  in.,  with  other  lengths  varying  down  to  24 
inches,  where  their  use  was  necessary.  Certain  rows  of  these 
tiles  were  made  with  reinforced  glass  panes  for  lighting  shop 
interiors,  and  special  ridge  roll  and  gutter  tiles  were  east  and 
applied.  Figure  5  shows  an  interior  view  of  the  boiler  shop  in 
which  the  glass  insets  can  be  clearly  seen;  and  Fig.  6,  a  close 
view  of  a  section  of  one  of  the  completed  roofs.     This  type  of 
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covering  was  used  on  all  buildings  except  the  roundhouse,  the 
pattern  storage,  and  the  valleys  in  the  roofs  of  the  lumber  shed, 
the  planing  mill,  and  the  machine  shop,  where  Barrett  Specifica- 
tion roofing  was  applied.  The  roofs  contain  7400  squares  of 
tile,  9100  lineal  feet  of  ridge  roll,  and  600  squares  of  Barrett 
roofing. 
Floors; 

Flooring  throughout  the  shops  varies  in  accordance  with  the 
work  done  in  each.  Wood  blocks  were  tised  in  the  machine  and 
erecting  shop,  and  the  planing  mill ;  clay,  in  the  foundry  build- 
ing; cinders,  in  the  forge  shop,  boiler  and  shipfitters'  shop,  and 
the  roundhouse;  concrete,  in  the  storehouse,  paint  shop,  gal- 
vanizing plant,  pattern  storage,  power  plant,  gas  house,  and 
toilets ;  and  earth,  in  the  steel  storage  shed,  car  shop,  lumber 
storage  shed,  and  coke  shed.  All  tool  rooms  have  wood-block 
fioors  laid  on  a  concrete  base;  and  all  foremen's  offices,  a  floor- 
ing of  tongued  and  grooved  yellow  pine  laid  on  a  2-in.  planking, 
spiked  to  stringers  bedded  in  concrete.  Due  to  the  damp  cli- 
mate, the  wood  blocks  in  the  machine  and  erecting  shop  ex- 
panded a  great  deal,  and  the  blocks  in  this  shop,  having  been 
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driven  tightly  together  when  laid,  heaved  badly,  making  it 
necessary  to  remove  a  strip  one  block  in  width  across  the  floor 
about  every  30  feet,  the  opening  being  filled  with  pitch  for 
an  expansion  joint. 

Closure : 

The  closure  for  the  sides  of  the  buildings  was  one  of  the 
features  which  was  given  great  consideration.  On  account  of 
the  high  prevailing  temperature,  it  is  necessary  to  have  aU 
shops  as  open  as  possible  for  the  comfort  of  the  workmen,  and 
yet  it  is  necessary  to  prevent  the  entrance  of  rain  during  the 
downpours  of  the  rainy  season.  At  one  time  and  another,  metal 
screening,  fixed  louvers,  steel  rolling  doors  and  movable  metal 
louvers  were  considered,  and  the  latter  were  finally  installed. 
The  louver  blades  are  manufactured  of  galvanized  iron  %-inch 
thick.  They  are  arranged  in  four  rows  about  5  feet  long  in 
each  21-foot  bay,  and  are  operated  by  a  single  lever  which  turns 
a  shaft  to  which  the  link  bar  of  each  row  is  attached.  The 
blades  are  16  inches  wide  and  give  a  clear  space  between  them, 
when  raised,  of  14%  inches.  Figure  7  shows  an  exterior  view 
of  the  louvers  in  open  and  closed  positions.  The  louver  panels 
rest  on  the  top  of  a  6-inch  concrete  wall  3  feet  6  inches  high, 
and  are  carried  up  under  the  roof  overhangs  to  prevent  rain 
from  blowing  in.  This  type  of  closure  is  not  used  in  all  build- 
ings, as  some  required  total  enclosure  or  none  at  all. 

Power : 

The  machinery  in  the  shops  is  entirely  electrically  operated, 
except  such  machines  as  hammers,  etc.,  which  are  not  adapted  to 
this  type  of  drive.  The  current  used  is  3-phase,  25-cycle,  and  is 
delivered  to  the  shops  at  2200  volts.  The  shop  motors  operate  at 
220  volts,  and  transformer  rooms  containing  light  and  power 
transformers  and  switchboards  are  located  near  load  centers 
in  the  various  buildings.  The  main  transformer  rooms  are 
placed  in  the  machine  and  erecting  shop,  steel  storage  shed, 
planing  mill,  and  foundry  building.  The  machine  and  erecting 
shop  has  two  300-kva.  3-phase  power  transformers,  one  140-kw. 
single-phase  lighting  transformer,  two  325-kw.  motor-generator 
sets,  and  a  7-panel  switchboard.  This  equipment  serves  this 
building  only.  The  transformer  equipment  in  the  steel  storage 
shed,  planing  mill,  and  foundry  building  is  practically  the  same 
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in  eftch,  and  consists  of  two  SOO-kra.  power  transformers,  one 
50-,  60-  or  125-kw.  single-phase  lighting  transformer,  and  one 
3-p&neI  switchboard.    The  transformers  in  the  planing  mill  sup- 
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ply  that  building  only,  but  those  in  the  steel  storage  shed  supply 
the  forge  shop  and  the  boiler  and  shipfitters'  shop,  and  those  in 
the  foundry  building  supply  the  car  shop,  galvanizing  plant, 
lumber-storage  shed  and  roundhouse.     All  distributing  cables 
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are  run  through  the  shop  tunnel  in  ducts  laid  in  the  wall,  and 
are  then  brought  up  through  manholes  in  the  floor  of  the  build- 
ings. Prom  the  manholes,  cables  are  run  in  galvanized  iron  con- 
duits fastened  to  the  roof  trusses  or  carried  on  ''T"  iron  sup- 
ports attached  to  the  steel  work  of  the  buildings  above  the 
lower  chords.  Drops  are  run  down  the  building  columns  to 
controllers,  panel  boxes,  etc.  On  account  of  limited  space,  the 
central  switchboards  were  not  arranged  to  permit  control  of  all 
power  and  lighting  circiiits  at  the  boards ;  instead  of  this,  junc- 
tion boxes  were  installed  in  each  section  of  the  shop,  from  which 
the  power  and  lighting  circuits  for  that  section  are  distributed. 
The  transformers  are  connected  to  the  main  sub-station  by  a 
single  loop  feeder-circuit  which  has  ample  capacity  to  carry 
the  normal  shop  load  on  one  side,  in  case  of  emergency.  The 
valve  and  gate  operating  machinery  on  the  north  wall  of  the 
dry  dock  will  be  connected  to  the  shop  transformers,  when  it 
is  installed. 
Motors : 

Four  types  of  motors  were  adopted  for  power  drives:  di- 
rect-current, commutating-pole,  variable-speed  motors;  slip-ring 
induction  motors;  squirrel-cage  induction  motors;  and  syn- 
chronous motors.  Direct-current  motors  operate  on  220-volt 
current,  and  alternating  current  motors  on  220-volt,  3-phase, 
25-cycle  current.  The  direct-current  motors  drive  lathes,  pla- 
ners, boring  machines,  milling  machines,  and  other  tools  where 
a  variable  tool  speed  is  desired.  They  have  speed  ranges  from 
350  to  1400  r.  p.  m. ;  375  to  1125 ;  375  to  1500 ;  450  to  1800 ;  500 
to  1500.  The  slip-ring,  polar-wound  rotor,  induction  motors 
drive  machines  requiring  a  high  starting  torque  or  that  are 
necessarily  reversible,  e.  g.,  bending  rolls,  low-pressure  blow- 
ers, the  2-ton  tropenas  converter,  and  the  transfer  table.  The 
squirrel-cage  induction  motors  are  used  for  all  group  drives 
and  on  all  constant-speed  machines.  The  synchronous  motors 
are  used  for  driving  direct-current  generators  and  air  com- 
pressors, and  are  arranged  for  operation  at  75  percent  leading 
power  factor  for  correcting  the  load  factor  of  the  plant.  All 
motors  were  purchased  under  specifications  calling  for  specially 
developed  insulation  similar  to  that  used  on  the  lock-machinery 
motors.    The  attached  Table  No.  2  shows  the  rated  horsepower 
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of  all  motors  in  each  group  and  building  for  driving  cranes, 
individual  machines,  and  groups  of  machines. 

Lighting: 

Lighting  for  the  shops  is  obtained  from  tungsten  filament 
lamps,  and  general  illumination  is  used  throughout.  This 
method  was  considered  preferable  to  special  intensified  illumi- 
nation at  each  machine  or  in  particular  sections  of  the  shop,  on 
account  of  the  fact  that,  as  all  points  receive  approximately  the 
same  amount  of  light,  no  change  in  wiring  or  the  position  of 
lamps  is  required,  if  the  arrangement  of  machines  is  changed. 
Lighting  is  all  on  110-  220-volt,  single-phase  circuits.  Feeders 
run  from  the  lighting  transformers  to  panel  boxes  located  at 
convenient  points  throughout  the  shop,  and  from  these  boxes  the 
lights  in  the  individual  sections  are  controlled.  Branch  circuits 
are  designed  for  a  maximum  load  of  3000  watts,  with  a  drop  of 
3  volts.  All  wiring  is  carried  in  conduits  attached  to  the  roof 
trusses  and  columns,  and  drops  are  run  down  the  columns  to 
plug  receptacles  for  extension  lamps.  Lamps  themselves  are 
100-watt,  150-watt,  250-watt,  and  500-watt,  depending  on  their 
location  and  the  intensity  of  illumination  desired.  The  ma- 
chine and  erecting  shop,  for  example,  has  a  total  floor  space  of 
67,789  square  feet  and  has  a  calculated  illumination,  in  a  plane 
3  feet  above  the  floor,  of  7.6-foot  candles  in  the  machine  shop, 
8.37-foot  candles  in  the  tool  department,  and  7.75-foot  candles 
in  the  erecting  shop — ^this  with  a  total  of  120,425  watts  in  lamps. 
Figures  8  and  9  show  interior  photographs  taken  with  natural 
and  artificial  lighting.  Table  No.  3  attached  shows  the  calcu- 
lated watts  and  foot  candles  in  each  building. 

Toilets : 

To  provide  suitable  toilet  facilities,  urinals  were  placed  in- 
side some  of  the  more  important  shops,  and  toilet  buildings 
were  located  at  various  points  throughout  the  yard.  Buildings 
Nos.  17,  18,  19,  20,  21,  22,  23  and  24,  shown  on  Plate  I,  are  toi- 
lets, and  they  are  fitted  with  slate  urinals,  closet  and  shower 
bath  stalls,  porcelain  wash-bowls  and  steel  lockers.  There  are 
two  classes  of  toilets,  one  for  white  (or  gold)  employees,  and 
the  other  for  colored  (or  silver)  employees.  They  are  similar, 
except  that  those  for  silver  men  are  fitted  with  range  urinals 
and  have  no  lockers.    All  fittings  are  brass,  floors  are  concrete, 
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and  ample  ventilation  is  secured  through  openings  under  the 
eaves,  formed  by  stopping  the  walls  when  they  were  broi^ht 
up  to  sufficient  height  to  prevent  the  entrance  of  rain. 

The  foregoing  is  a  statement  of  the  general  features  of  the 
shop  layout  and  design  as  a  whole,  and  there  follows  a  some- 
what more  detailed  description  of  the  individual  buildings  and 
shops. 
Machine  and  Erecting  Shop : 

Building  No.  1  contains  the  machine  shop,  erecting  shop 
and  tool  department.  It  consists  of  two  high  sections  with  a 
saw-tooth  section  between  them,  and  a  "lean-to"  on  the  east 
side.  The  building  is  358  feet  8  inches  long,  each  high  section 
61  feet  wide,  and  the  sawtooth  and  "lean-to"  39  feet  and  29 
feet,  respectively.  A  composite  section  is  shown  on  Plate  VII, 
This  drawing  also  shows  the  steel  rolling  doors  and  sash  at  the 
sides  of  the  building,  the  transformer  room,  jib  and  traveling 
cranes,  drop  pits,  transfer  table,  etc. 

About  one-half  of  the  north  end  of  the  west  aisle  is  used 
as  the  erecting  shop  for  general  overhauling  and  heavy  repairs 
on  locomotives,  steam  shovels  and  similar  equipment,  and  there 
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are  four  eagine  pits  for  this  purpose  (one  of  them  a  drop  pit), 
— all  served  through  steel  rolling  doors  by  a  motor-driven  trans- 
fer table,  on  to  which  equipment  is  nm  from  the  longitudinal 
tracks  north  of  the  buildings.  The  shop  is  equipped  with  a  60- 
ton  electric  overhead  traveling  crane. 

The  south  half  of  thia  aisle  is  divided  between  the  tool 
and  air-brake  departments.  The  tool  department  includes  the 
tool-room  for  the  building  and  also  all  small  lathes,  milling  ma- 
chines, tool  grinders,  etc.    The  machines  are  driven  in  groups. 

The  remainder  of  the  building  is  the  machine  shop  proper. 
Machines  of  like  nature  have  been  placed  together,  and  the 
lighter  and  most  regularly  used  machines  are  driven  in  groups. 

The  saw-tooth  section  at  the  south  end  contains  medium 
sized  or  light  lathes  and  turret  lathes.  As  there  is  no  crane  in 
this  section,  the  heavier  machines  are  served  by  means  of  over- 
head trolleys  carried  below  the  roof  trusses.  The  heavier  lathes 
are  driven  by  individual  motors  operating  on  220-volt  direct 
current,  while  the  remainder  of  the  machines  are  driven  in 
groups.    Motors  for  group  drives,  the  line  shafts,  and  the  coun- 
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ter-shafts  for  machines  are  carried  on  stringers  formed  of  steel 
channels.  The  transformer  room  is  arranged,  for  economy  of 
space,  with  transformers  and  motor  generator  sets  on  the  floor 
level  and  with  an  elevated  platform  which  supports  the  switch- 
board. North  of  these  offices  are  the  drill  presses  (also  group 
driven) ;  and  beyond  them,  near  the  engine  pits,  the  wheel  and 
axle  lathes,  wheel  presses,  etc.,  all  of  which  are  equipped  with 
individual  motors. 

In  the  south  end  of  the  main  aisle  of  the  machine  shop, 
i.  e.,  the  east  high  section,  are  placed  the  large  planers  and 
lathes ;  while  at  the  north  end,  the  radial  drills,  boring  machines 
(both  vertical  and  horizontal)  and  large  shapers,  are  located. 
All  of  these  machines  are  driven  by  individual  motors.  Ma- 
chines in  this  aisle  are  served  by  a  60-ton  and  a  20-ton  electric 
overhead  traveling  crane. 

Practically  all  the  machinery  in  the  shops  has  been  collected 
from  plants  which  were  in  service  during  the  construction 
period,  and  none  of  it  was  especially  built  for  motorization. 

The  south  end  of  the  east  '* lean-to"  houses  contains  the 
smaller  planers,  slotters  and  shapers.  The  large  planers  in  the 
main  aisle  are  equipped  with  direct-connected  motors  operating 
on  220- volt  direct  current,  with  controllers  and  electrical  revers- 
ing apparatus,  and  with  pendant  switches  which  permit  the  op- 
erator to  cut  oflf  the  power  at  the  table.  The  smaller  planers  are 
group  driven  and  have  the  regular  belt  reverse. 

North  of  the  east  and  west  center-line  track  is  a  group  of 
machines,  consisting  of  a  wheel  press,  wheel-boring  machine  and 
axle  lathe,  all  served  by  jib  cranes,  on  which  is  done  all  work  in 
connection  with  repairs  to  wheels  and  axles  for  cars  or  coaches ; 
while  beyond  this  group  are  located  additional  boring  machines 
and  drill  presses,  the  milling  machines  and  the  bolt-cutting  and 
threading  machines. 

The  building  is  supplied  with  compressed  air,  at  90-  to  100- 
pounds  pressure ;  steam  at  from  115-  to  125-pounds  pressure ;  fuel 
oil  and  fresh  water  from  the  distributing  mains. 

Forge  Shop: 

Building  No.  2,  which  houses  the  forge,  copper,  tin  and 
pipe  shop,  has  one  high  section  60  feet  wide  and  one  '4ean-to" 
on  the  east  side  29  feet  wide;  the  building  is  358  feet  8  inches 
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long.  A  25-ton  electric  overhead  traveling  crane,  which  serves 
the  high  section  for  the  entire  length,  can  be  run  out  of  the 
building  at  either  end  on  runway  extensions,  in  the  same  man- 
ner as  for  Building  No.  1.  Plate  VIII  shows  a  section  of  this 
building.  Its  closure  is  of  the  same  general  type  as  that  of 
the  machine  shop.  The  wall  opening  between  the  shed  over- 
hangs or  between  the  roofs  of  *' lean-tos"  and  eaves  of  the  main 
roofs  is  partially  closed  with  glazed  sash.  Sixty  feet  of  the 
north  end  of  the  building  is  allotted  to  the  copper,  tin  and  pipe 
shop,  and  the  remainder  of  the  building  to  the  forge  shop. 

The  pipe  machines  are  placed  with  their  center  lines  per- 
pendicular to  that  of  the  building,  and  pipe  is  run  into  them 
through  sleeves  placed  in  the  wall.  All  these  machines  are  driven 
in  a  single  group  by  a  15-hp.  motor.  The  main  aisle  of  the  shop 
at  this  end  contains  tinsmiths'  benches,  on  which  the  smaller 
rolls,  trimmers  and  groovers,  which  are  kept  in  racks  when  not 
in  use,  can  be  mounted;  and  also  the  larger  hand-power  ma- 
chines mounted  on  their  own  frames.  Next  to  the  forge  shop 
in  the  main  aisle  are  the  tanks  and  forges  for  the  coppersmiths 
and  a  rack  for  odds  and  ends  of  pipe  and  tubing.  The  larger 
pipe  machines  are  served  by  a  jib  crane  mounted  on  the  out- 
side of  the  northeast  corner  of  the  building,  by  means  of  which 
pipe  can  be  unloaded  from  cars  or  passed  to  the  machines.  An- 
other jib  crane- handles  heavy  pipe  over  the  coppersmiths'  fires. 
The  section  of  the  main  aisle  between  the  copper,  tin  and  pipe 
shops  and  the  east  and  west  center-line  track  is  devoted  to 
steam-hammer  work.  The  three  largest  hammers  are  2000, 
2500,  and  2700  pounds  capacity ;  smaller  ones  are  placed  in  the 
line  of  columns  between  the  main  aisle  and  the  '4ean-to",  and 
in  the  latter  is  placed  a  double  row  of  blacksmiths'  fires.  There 
are  two  large  blacksmiths'  fires  for  each  heavy  hammer,  in  addi- 
tion to  the  heating  furnaces.  South  of  the  east  and  west  center- 
line  track,  the  ** lean-to"  houses,  the  foreman's  office  and  tool 
room,  the  power-driven  hammers,  bolt  headers,  bull-dozers  and 
their  furnaces.  In  the  south  half  of  the  main  aisle,  there  are 
two  forges  and  a  furnace  for  the  spring  maker  on  the  east  side, 
beyond  which  are  additional  forges  for  handling  the  large 
amount  of  special  work  on  dump-car  brake  beams,  levers,  etc. 
The  forging  press,  capacity  500  tons,  is  located  in  the  south- 
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west  corner  of  the  building  with  two  furnaces,  one  for  medium 
and  one  for  heavy  work,  on  the  opposite  side  of  the  aisle.  On 
the  west  side  of  this  part  of  the  building  are  located  the  fur- 
naces, forges  and  hammers  for  the  tool  dressing  plant,  which 
consists  of  pre-heating,  high  temperature,  lead  bath  and  barium 
chloride  furnaces,  with  tanks  for  water,  oil  and  brine,  and  an 
air  table.  This  equipment  will  eventually  produce  all  tools 
used  in  the  plant. 

All  forges  and  furnaces  in  this  building  burn  crude  oil. 
The  oil  is  fed  to  the  burners  by  gravity  from  tanks  on  the  hill 
south  of  the  plant.  Its  pressure  is  cut  down  by  reducing  valves 
on  the  burners  from  65  to  28  or  30  pounds.  The  oil  is  a  crude 
California  grade,  averaging  about  17.5°  Baume,  and  is  fed  to 
the  burners  at  about  85°  to  88°  F.  without  pre-heating.  Two 
blowers,  each  with  a  capacity  of  approximately  3500  cubic  feet 
of  air  per  minute,  at  6-ounce  pressure,  are  located  in  the  north 
half  of  the  east  ** lean-to"  next  to  the  pipe  shop,  and  another, 
of  equal  capacity,  in  the  south  half  of  the  ** lean-to'*  next  to 
the  tool  room. 

Steel  Storage  Shed : 

Building  No.  3,  the  steel  storage  shed,  consists  of  a  single- 
span  section  49  feet  wide  and  358  feet  8  inches  long.  Both  sides 
and  ends  are  closed  with  hand-operated  steel  rolling  doors.  The 
south  half  of  the  building  contains  plate  racks,  and  space  for 
storing  billets  and  structural  shapes.  The  north  end  of  the 
building  contains  racks  for  boiler  tubes,  pipe  and  bar  iron.  A 
20-ton  electric  overhead  traveling  crane  handles  material  to  and 
from  cars  to  the  various  portions  of  the  building.  Near  the 
center-line  track  are  placed  two  bar-iron  shears  and  a  cold  saw, 
and  the  transformer  room  which  -controls  power  and  lighting 
circuits  for  buildings  Nos.  2,  3  and  4. 

Boiler  and  Shipfltters'  Shop: 

Building  No.  4,  the  boiler  and  shipfitters'  shop,  consists  of 
a  single  high  section  61  feet  wide,  and  two  ** lean-tos'',  the  one 
on  the  west  side  40  feet  wide  and  that  on  the  east  29  feet.  It 
is  358  feet  8  inches  long.  The  main  bay  is  served  by  a  60-ton 
and  a  20-ton  electric  overhead  traveling  crane.  All  of  the 
heavy  machines  are  served  by  individual  jib  cranes  fitted  with 
pneumatic  hoists.  Plate  IX  shows  a  typical  section  of  the  build- 
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ing.  Figures  7  and  10  show  the  electrically-operated  steel  roll- 
ing doors  at  the  ends  of  the  building  in  open  and  closed  posi- 
tions. Punches  and  shears  are  placed  at  the  south  end  of  the 
building ;  and  north  of  them,  bending  rolls  and  pneumatic  rivet- 
ers. All  the  rolls,  punches  and  shears  are  driven  by  individual 
motors.  In  the  south  end  of  the  east  *' lean-to"  is  a  flue  re- 
pairing outfit.  Just  south  of  the  center-line  track  is  located 
the  tool  room,  and  at  the  north  end  of  this  ** lean-to"  are  situ- 
ated the  plate  and  angle  furnaces,  flange  fires,  flanging  clamps 
and  forming  slabs.  This  shop  does  structural  work  for  general 
construction  purposes;  repairs  and  overhauls  all  boilers,  etc. 
An  electric  welding  equipment  is  usually  located  in  the  build- 
ing. It  is,  however,  portable,  i.  e.,  the  motor-generator  set  and 
switchboard  are  mounted  on  a  truck  which  allows  it  to  be 
loaded  on  cars  and  moved  to  any  place  where  it  is  required. 
There  are  also  facilities  for  oxy-acetylene  welding  and  cutting, 
and  the  oxy-acetylene  manufacturing  plant,  which  is  located  in 
Building  No.  16,  between  Buildings  Nos.  2  and  4,  contains  an 
oxygen  generating  outfit,  consisting  of  retorts  for  heating  a 
mixture  of  potassium  chloride  and  manganese  dioxide,  washers 
for  purifying  the  gas,  a  100-cubic-foot  gasometer  and  a  com- 
pressor, by  means  of  which  the  gas  is  compressed  directly  into 
the  portable  steel  oxygen  tanks  at  a  pressure  of  300  pounds  per 
square  inch.  Acetylene  is  generated  by  running  water  on  cal- 
cium carbide,  in  a  standard  type  generator,  from  which  the  gas 
passes  to  a  gasometer,  thence  through  purifiers  to  a  compressor 
by  which  it  is  compressed  to  225  pounds  per  square  inch,  in 
portable  steel  cylinders  containing  a  cellular  filling  and  an 
initial  charge  of  acetone.  This  acetylene  is  also  used  for  light- 
ing certain  of  the  aids  to  navigation  of  the  canal.  Acetylene 
welding  and  cutting  is  done,  not  only  in  the  boiler  shop,  but 
at  any  other  point  in  the  Zone  where  such  work  is  required. 

Storehouse : 

Building  No.  5,  the  general  storehouse,  forms  the  main 
depot  for  all  material  which  is  stored  under  cover,  except  steel, 
lumber  and  oil.  The  building  has  two  stories  120  feet  wide  and 
400  feet  long,  and  is  totally  enclosed.  The  main  walls  are  made 
of  hollow  tile  blocks  covered  with  cement  plaster,  while  the 
floor  beams  and  columns  are  incased  in  concrete.    A  fire  wall, 
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extending  across  the  middle  of  the  building  on  each  floor,  is 
equipped  with  automatic  fire  doors  on  each  side  of  all  openings. 
There  are  two  15-toD  electric  elevators  for  handling  freight 


Fig.  10.     BoUai  Shop.    Staal  Doar  >t  End  ol  Bolldlnc  OlOMd. 

"Wooden  swing  doors  are  placed  in  alternate  panels  on  each  side 
of  the  building.  The  first  floor,  placed  at  the  track  or  yard 
level,  is  made  of  an  8-inch  unreinforced  concrete  slab  laid  on 
the  ground ;  and  the  second  floor,  designed  for  500  pounds  per 
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square  foot,  is  constructed  of  a  reinforced  concrete  slab  carried 
on  concrete-encased  steel  girders. 

Paint  Shop : 

The  paint  shop,  Building  No.  6,  is  a  totally  enclosed  struc- 
ture 50  feet  wide  by  250  feet  long.  The  walls  are  of  concrete, 
and  are  fitted  with  a  double  row  of  glazed  pivoted  sash.  This 
building  is  primarily  for  painting  and  varnishing  passenger 
coaches  and  engines,  and  has  two  tracks,  each  long  enough  for 
two  coaches,  in  the  east  end.  Each  track  is  equipped  with  two 
lines  of  adjustable  scaffolds,  one  on  each  side ;  these  are  formed 
by  telescoping  wrought  iron  pipes  in  larger  pipes  secured  to 
castings  on  the  lower  chord  of  the  roof  truss.  The  west  end  of 
the  building  is  equipped  with  tanks,  for  washing  car  seats,  win- 
dows, etc.,  and  with  an  enclosed  room  15  feet  by  60  feet,  in 
which  varnishing  work  can  be  kept  free  from  dust.  Paints  and 
oils  are  kept  in  the  paint  house.  Building  No.  26,  a  small  build- 
ing 22  feet  6  inches  by  48  feet,  placed  just  south  of  Building  No. 
6.  The  paint  house  is  equipped  with  tanks  for  lye  solutions  for 
cleaning  buckets,  and  with  tanks  for  the  stock  supplies  of  stan- 
dard paints.  There  are  also  two  pigment  grinding  machines 
and  two  100-gallon  paint  mixers,  all  driven  by  an  electric  motor. 
Both  the  paint  house  and  the  paint  shop  have  concrete  floors. 

Car  Shop : 

The  car  shop.  Building  No.  7,  is  located  east  of  the  paint 
shop.  This  building  is  formed  by  two  pitch-roof  sections  placed 
side  by  side,  thus  forming  a  valley  in  the  center.  The  building 
is  122  feet  wide  by  317  feet  long,  and  contains  six  tracks,  each 
running  the  entire  length  of  the  building.  The  two  outer  tracks 
on  each  side  are  used  for  work  tracks,  and  the  center  ones  for 
material  and  for  working  space.  The  south  track  is  fitted  with 
two  rows  of  fixed  scaffolding,  and  is  used  for  freight-car  work. 
A  swing  cut-off  saw,  bench  saw,  rip  saw  and  drill  press  are 
ranged  along  the  center  line  of  the  building  at  the  east  end; 
all  are  driven  with  individual  motors.  These  machines  are  in- 
stalled for  the  miscellaneous  work  for  fitting  fiooring,  siding, 
etc.,  which  cannot  be  economically  carried  to  the  planing  mill 
when  required.  Some  steel  car  repairing  is  done  on  tracks  at 
the  east  end  of  the  north  half  of  the  building,  but  most  of  this 
class  of  work  is  done  on  the  outside  tracks  to  the  east  and 
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north.  This  building  is  closed  along  the  north  side  and  each 
end  of  the  north  half  by  hand-operated  steel  rolling  doors.  The 
south  half  of  the  building  being  used  for  freight-car  work  and, 
being  not  so  much  exposed  to  the  rain,  is  left  open. 

Planing  Mill : 

The  planing  mill,  Building  No.  8,  is  constructed  in  the  same 
general  manner  as  the  car  shop.  It  is  122  feet  wide  by  480  feet 
long,  and  houses,  in  addition  to  the  planing  mill  proper,  the 
joiner,  carpenter  and  pattern  shops.  Figure  11  shows  the  steel 
framing  during  erection. 

The  joiner  carpenter  shop  is  placed  in  the  northeast  cor- 
ner, and  the  pattern  shop  in  the  northwest  comer.  All  ma- 
chines are  driven  by  individual  motors,  except  light  machines 
used  in  the  pattern  shop,  and  a  few  morticers  and  stickers  in 
the  planing  mill.  One  standard-gauge  railroad  track  runs 
through  the  building  near  its  center,  and  a  narrow-gauge  track, 
just  in  front  of  the  row  of  car-sill  working  machinery,  along 
the  south  side.  The  sides  of  the  building  are  enclosed  by  mov- 
able metal  louvers;  there  are  two  steel  rolling  doors  on  each 
side  in  bays  about  one-quarter  the  length  of  the  building  from 
each  end,  and  also  over  the  track  doors.  An  exhaust  system 
carries  the  shavings  and  sawdust  from  the  machines,  through 
vertical  risers  and  overhead  piping,  to  a  collector  on  the  boiler 
plant,  where  they  are  burned  under  the  boilers.  The  building 
is  thoroughly  piped  for  air,  steam  and  water.  The  floor  is  made 
of  creosoted  wood  blocks  laid  on  a  half-inch  of  sand  spread 
over  a  concrete  base.  The  transformer  room,  tool  room  and  a 
room  containing  machines  for  grinding  saws  and  planer  knives, 
are  located  at  the  middle  of  the  north  side,  and  a  rack  for 
templets  hangs  from  the  trusses  over  two  bays  at  the  east  end 
of  the  south  half. 

Lumber  Storage  Shed : 

The  lumber  storage  shed,  Building  No.  10,  is  directly  east 
of  the  planing  mill,  and  is  of  exactly  similar  construction,  ex- 
cept that  all  sides  are  open.  It  is  122  feet  wide  and  549  feet 
long.  One  track  runs  along  each  side  of  the  building,  one  en- 
tirely through  it,  just  south  of  the  center  line  columns,  and 
another  through  the  north  half  as  far  west  as  the  kilns.  The 
kilns  occupy  a  space  157  feet  by  27  feet  in  the  northwest  cor- 
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ner.  The  wails  are  constructed  of  hollow  concrete  tile,  and  the 
roof  of  reinforced  concrete  over  steel  beams,  supported  on 
columns  at  the  sides  of  the  door  openings.  Blowers  driven  by 
direct-connected  motors  are  placed  on  the  roof  of  the  kilns, 
and  force  through  the  kilns  air  heated  by  steam  headers  in  the 
suction.  The  ducts  are  so  arranged  that  air  can  be  circulated 
through  the  kilns  and  back  to  the  blower  again,  or  discharged 


Fig-  11.    Looldiig  MarthwNt  Throndi   PluHnf  UUl  Biilldiii(. 

through  stacks,  and  a  continuous  fresh  supply  taken.  A  trans- 
fer table  along  the  front  of  the  kilns  permits  the  shifting  of 
stacks  from  oae  kiln  to  another.  A  screen-enclosed  space  in 
the  southeast  comer  of  the  building  is  reserved  for  the  storage 
of  foundry  supplies. 
Pattern  Storage: 

The  pattern  storage  is  a  two-story  steel  and  concrete  struc- 
ture 60  feet  wide  and  120  feet  long.  Tbe  lower  floor  contains 
racks  and  open  floor  space  for  the  storage  of  large  patterns, 
and  the  second  floor,  racks  for  small  patterns.  The  building  is 
fitted  with  automatic  fire  extinguishers. 
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Foundry: 

The  foundry  building  consists  of  one  high  section  61  feet 
wide  and  two  ** lean-tos''  each  29  feet  wide.  The  building  is 
316  feet  long  and  lies  with  its  center  line  running  east  and  west. 
It  houses  the  steel,  iron  and  brass  foundries. 

This  building  is  principally  closed  with  movable  metal 
louvers.  There  are  steel  rolling  doors  over  the  crane  openings 
at  each  end  of  the  main  aisle  and  over  the  east  end  of  the  north 
** lean-to''.  A  10-ton  crane  serves  the  east  end  of  the  north 
** lean-to"  and  handles  castings  to  and  from  the  cold  saws  and 
sand-blast  car.  This  crane  also  handles  the  castings  to  the 
scales,  and  thence  to  cars  for  shipping. 

The  south  ** lean-to"  is  occupied  by  the  foreman's  office, 
transformer  room  and  tool  room  (all  enclosed  with  wire-screen 
partitions),  two  sand  bins,  the  two  cupolas,  the  converter,  the 
blower  room  and  the  annealing  furnace  and  mold  drying  oven. 
The  blower  room  is  built  with  concrete  walls  and  roof,  and 
houses  the  rotary  pressure  blowers  for  cupolas  and  converter, 
each  of  these  blowers  being  driven  by  an  individual  electric 
motor.  A  charging  platform,  formed  of  steel  plate  laid  on 
heavy  girders,  is  erected  at  the  level  of  the  charging  door  in 
the  rear  of  the  cupolas.  A  pneumatic  elevator  serves  for 
raising  iron  and  charcoal  to  the  platform,  and  a  small  landing 
is  carried  out  from  the  front  of  the.  platform,  on  which  skips 
can  be  landed  by  the  overhead  traveling  crane,  in  case  the 
elevator  is  out  of  order. 

The  main  bay  is  almost  entirely  unoccupied  by  machinery 
or  other  equipment ;  at  the  west  end  there  are  placed  two  pneu- 
matic molding  machines,  and  at  the  east  end  a  sand  girder. 
This  bay  is  served  by  two  25-ton  electric  overhead  traveling 
cranes,  the  runways  for  which  are  extended  on  the  west  end 
across  the  100-foot  space  between  the  foundry  and  the  pattern 
storage. 

The  brass  foundry  occupies  the  west  end  of  the  north 
'* lean-to";  and  the  remainder  of  this  section  of  the  building 
is  occupied  by  benches  for  core  makers  and  molders,  core  ovens 
and  racks,  barrel  tumblers,  heavy  grinding  wheels,  cold  saws, 
space  for  chipping  and  cleaning  castings  and  a  sand-blast  plant. 

Narrow-gauge  cars  which  run  on  industrial  tracks,  into  the 
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coke  shed  and  between  the  piles  of  pig,  can  be  brought  into 
the  foundry,  placed  on  the  elevator  and  lifted  to  the  charging 
platform,  where  by  means  of  an  elliptical  track  they  can  be 
dumped  immediately  in  front  of  either  cupola. 

Coke  Shed : 

Building  No.  13,  the  coke  shed,  has  a  single-slope  roof  and 
is  18  feet  wide,  168  feet  long.  It  contains  the  foundry  coke 
supply,  which  is  unloaded  by  shoveling  through  a  space  between 
the  walls  and  the  roof,  from  cars  run  alongside  the  building. 

Boiler  House : 

Building  No.  14,  the  power  plant,  contains  two  225-hp. 
horizontal  return-tubular  boilers,  which  are  installed  for  gen- 
erating steam  for  hammers,  air-brake  testing,  dry  kilns,  vats, 
etc.  The  boilers  are  fitted  to  burn  either  crude  oil  or  shavings 
from  the  planing  mill.  Although  both  boilers  have  been  used 
to  capacity  during  the  construction  of  the  dry  dock  for  operat- 
ing concrete  mixers,  air  compressors,  etc.,  it  is  expected  that 
one  of  them  will  have  ample  capacity  for  supplying  the  needs 
of  the  plant  itself.  The  building  is  50  feet  by  50  feet,  has  a 
concrete  floor,  and  is  closed  with  movable  metal  louvers.  A 
branch  from  the  main  tunnel  carried  the  steam  main  from  the 
boiler  house  to  the  other  shops,  and  the  water,  air,  and  oil 
lines  to  the  plant. 

Soimdhouse: 

Building  No.  15,  the  roundhouse,  contains  15  stalls  and  is 
76  feet  deep.  It  is  constructed  with  a  steel  frame,  all  of  which 
is  cased  in  concrete.  The  roof  is  a  reinforced-concrete  slab, 
pitched  from  front  to  rear,  covered  with  Barrett  Specification 
Roofing.  The  two  center  bays  are  carried  back  to  provide  space 
for  the  foreman's  oflSce,  tool  room  and  a  machine  shop.  The 
latter  contains  a  lathe,  grinder,  drill  press,  boring  machine,  pipe 
machine,  shaper  and  forcing  press — all  driven  as  a  group  with 
an  electric  motor.  The  building  has  a  6-foot  concrete  wall 
around  the  back.  The  projection  housing  the  shop  and  office 
is  closed  with  movable  metal  louvers.  An  overhead  trolley 
fitted  with  an  air  hoist  runs  over  the  8  center  stalls  over  the 
engine  pits,  for  handling  air  pumps,  etc.  Plate  X  shows  a  sec- 
tion of  turntable,  and  Fig.  4  a  view  of  the  steel  framing.  The 
turntable  is  70  feet  in  diameter  and  electrically  operated.    On 


360  PERMANENT  SHOPS,  PACIFIC  TERMINALS 

account  of  the  very  soft  ground  on  which  it  is  located,  the 
center  pivot  is  carried  on  an  eight-foot  cylinder  of  concrete, 
sunk  to  bed  rock;  and  the  floor  and  rim  walls  are  supported 
on  piles.    The  details  of  this  foundation  are  shown  on  Plate  V. 

Sand  House,  Cinder  Pit,  Oil  and  Water  Cranes : 

Southeast  of  the  roundhouse  are  the  sand  house,  cinder  pit, 
and  oil  and  water  cranes.  The  sand  house  contains,  on  the  first 
floor,  a  bin  for  the  storage  of  wet  sand  and  a  pair  of  drying 
stoves;  the  dried  sand  is  stored  in  an  elevated  bin  in  a  tower 
above  the  wet  sand  bin,  and  is  elevated  by  means  of  a  com- 
pressed-air lift.  The  cinder  pit  is  manufactured  of  reinforced 
concrete  supported  on  piles;  it  is  40  feet  long  and  serves  two 
tracks.  The  pit  is  cleaned  by  a  locomotive  crane  with  a  clam- 
shell bucket.  This  arrangement  was  adopted  on  account  of 
economy  in  construction,  as  the  number  of  coal-burning  loco- 
motives in  service  will  be  very  small  as  soon  as  construction 
work  is  completed.  The  regular  main-line  engines  of  the  Pan- 
ama Railroad  are  oil  burning. 

Ctalvanizing  Plant : 

Building  No.  9,  the  galvanizing  plant,  is  a  concrete  and 
steel  structure,  148  feet  long  by  40  feet  wide,  divided  by  means 
of  hollow-tile  partition  waUs  into  three  sections,  ior  instru- 
ment repair  work,  lacquering,  plating  and  polishing,  and  gal- 
vanizing. The  building  has  glazed  sash  around  the  sides  and 
ends,  and  a  monitor  with  wooden  louvers.  All  floors  are  of  con- 
crete except  in  the  galvanizing  section,  where  the  floor  is  of  cin- 
ders. The  galvanizing  plant  is  not  yet  in  service,  as  the  section  of 
the  building  allotted  to  it  is  being  temporarily  used  for  an 
electrical  repair  shop. 
Shops'  Office: 

Building  No.  28,  the  shops'  oflSce,  is  located  just  east  of 
the  general  storehouse.  This  building  consists  of  a  steel  frame 
filled  in  with  concrete  block  walls,  covered  on  each  side  with 
cement  plaster.  The  northwest  **ells"  contain  private  offices; 
and  the  southwest  **ells",  vaults  and  toilet  rooms.  There  are 
three  floors,  identical  except  for  minor  details.  The  large  single 
room  formed  by  the  main  section  of  the  building  is  divided  by 
light  wooden  partitions,  about  7  feet  high,  into  smaller  sec- 
tions, to  meet  the  requirements  of  its  use.     A  balcony  runs 
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around  the  front  and  north  side  of  the  building  on  each  floor. 
This  building  houses  the  shops'  offices,  and  those  of  the  store- 
keeper and  captain  of  the  port. 

Air  Compressor  Plant : 

Building  No.  29,  located  just  south  of  the  dry  dock,  con- 
tains the  shop  air-compressor  plant  and  the  pumps  for  unwat- 
ering  the  dock.  The  air  compressors  are  driven  by  2200-volt, 
3-phase,  25-cycle  synchronous  motors,  capable  of  carrying  75 
percent  leading  power  factor.  Rotors  are  mounted  on  the 
crank-shafts,  and  serve  as  fly-wheels.  There  are  two  machines 
installed,  one  with  a  capacity  of  5000  cubic  feet  feed  of  air  per 
minute,  compressed  to  110  pounds  per  square  inch,  and  the 
other  with  a  capacity  of  2400  cubic  feet.  Air  mains  are  laid 
around  the  head  of  the  dry  dock  and  brought  into  the  shop 
tunnel  at  Building  No.  14,  and  between  Buildings  Nos.  1  and  2. 
Circulating  water  is  piped  to  a  hot  well  at  the  boiler  plant,  and 
used  as  boiler  feed. 

Shops'  Tiiimel: 

In  order  to  have  the  air,  water,  oil,  steam,  light  and  power 
mains  out  of  the  way  and  easy  of  access,  a  tunnel  was  built 
along  the  east  and  west  axis  of  the  site,  with  such  lateral  tun- 
nels as  were  necessary  leading  from  it.  The  general  plan  and 
cross-section  of  the  tunnel  are  shown  on  Plate  XI.  The  main 
tunnel  is  4  feet  6  inches  wide  by  6  feet  high,  the  floor  of  the 
tunnel  being  below  high  tide.  The  accompanying  photograph,' 
Pig.  12,  shows  the  method  used  in  excavating  for  the  tunnel. 
A  45-ton  steam  shovel  was  used,  the  tracks  being  removed  and 
replaced  by  I-beam  girders  on  rollers.  The  depth  of  the  exca- 
vation was  about  12  feet  at  the  lowest  point  and  the  dipper 
stick  was  lengthened  accordingly,  so  that  the  full  depth  of 
excavation  could  be  made  with  the  shovel  running  along  on 
top  and  over  the  trench.  This  was  very  satisfactory  and  the 
cost  of  digging  the  tunnel  was  very  low.  As  it  was  not  certain 
just  what  the  track  layout  in  the  shop  yards  would  be,  it  was 
considered  advisable  to  place  the  tunnel  on  a  pile  foundation; 
and  piles  were,  therefore,  driven  its  entire  length,  except 
where  it  was  possible  to  put  concrete  piers  in,  founded  on  rock. 
The  reinforced  tunnel  was  then  built  on  this  foundation  in  30- 
foot   sections.     Alternate  sections   were   constructed,  to   allow 
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shriokage  to  take  place,  a  yellow  metal  strip  being  placed  in 
the  ends  of  each  section  to  form  a  cat-o£E  against  water  enter- 
ing the  joints.  Wherever  horizontal  joints  were  made,  the 
metal  was  also  inserted  and  allowed  to  project  into  the  next 
layer  of  concrete.  The  outside  of  the  tunnel  was  washed  with 
alum  solution,  as  an  extra  precaution  against  seepage  of  water 
through  the  walls.    The  floor  of  the  tunnel  has  a  slight  slope 
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to  allow  for  drainage,  and  shallow  gutters  were  moulded  in 
the  concrete  floor  on  each  side.  The  light  and  power  cables 
run  through  vitrified  tile  ducts  along  either  side  of  the  tunnel, 
and  the  air,  oil,  sewer  and  water  pipes  are  suspended  or  sup- 
ported in  the  clear  opening  of  the  tunnel.  At  each  building, 
there  is  a  small  branch  outlet  with  a  manhole,  through  which 
the  various  lines  are  carried,  to  meet  the  needs  in  the  building. 
Tarda  and  Tracks : 

Tracks  for  the  shops,  for  repair  wharves  adjacent  to  shops, 
and  for  handling  and  coaling  locomotives,  total  ten  miles,  and 
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are  built  on  the  Panama  Railroad  standard  gauge  of  five  feet. 
Of  the  above,  about  one-half  mile  consists  of  tracks  to  quay 
walls,  for  repairs  to  boats  and  handling  of  lumber  and  other 
material,  and  about  2^  miles  are  used  for  locomotive  storage 
and  coaling  facilities.  The  tracks  are  ballasted  with  Ancon 
rock  or  Chagres  River  gravel. 

The  shops'  floors  are  all  at  elevation  + 18,  and  all  tracks 
in  the  shops  are  at  the  same  elevation.  Tracks  on  the  dry  dock 
walls  are  at  an  elevation  of  + 16.50,  while  those  on  the  repair 
wharves  and  leading  to  the  Panama  Railroad  storage  yard  are 
at  elevation  +  17.  For  this  reason  the  tracks  between  the 
shops'  buildings  and  the  wharves,  dry  dock  and  yard  are  built 
somewhat  lower,  in  order  to  make  proper  connections.  This 
also  assists  in  the  drainage  system. 

Generally  speaking,  the  drainage  flows  both  ways  from  a 
summit  line  along  the  tunnel.  Tile  drains  with  open  joints  are 
laid  in  trenches  under  the  eaves  of  the  shops,  and  backfilled  to 
the  ground  level  with  broken  stone.  The  drains  are  8-inch,  10- 
inch  and  12-inch  vitrified  pipe,  connecting  with  15-inch  and  18- 
inch  pipes,  and  are  laid  on  a  slope  of  0.2%  to  0.5%.  The  drain- 
age flows  out  under  the  repair  wharves  or  into  the  storm  cul- 
vert behind  the  dry-dock  walls.  After  the  shops'  site  had  been 
filled  in  nearly  to  final  grade,  it  was  finished  up  (to  about  +  18) 
with  crushed  rock  and  a  top  dressing  of  stone  screenings.  The 
stone  was  not  rolled,  as  it  was  desired  to  make  the  drainage 
as  rapid  as  possible.  The  voids  in  the  stone  are  sufficient  to 
hold  a  large  quantity  of  water  until  the  drains  can  carry  it  off, 
and  no  trouble  has  been  experienced  from  standing  water. 

The  southeasterly  corner  of  the  shops'  site  adjoins  Balboa 
Townsite,  and  from  this  point  a  20-foot  roadway  passes  the 
easterly  end  of  the  shops  to  the  commercial  pier  and  small-boat 
landing.  Another  road  crosses  the  shops'  area  near  its  middle 
from  Sosa  Hill  road  to  the  shops'  office.  Very  little  curbing  is 
used  except  for  the  main  entrance  road.  The  grading  around 
the  building  is  of  such  character  that  teams  will  be  able  to  go 
in  any  part  of  the  shops'  grounds  not  occupied  by  tracks. 
Hydrants  are  located  at  frequent  intervals  about  the  shops' 
yard,  and,  in  case  of  fire,  the  water  system  can  be  changed  to 
high  pressure. 
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Lighting : 

The  shops'  yard  is  lighted  by  tungsten  filament  lamps 
mounted  on  gooseneck  iron-pipe  poles.  The  poles  are  fitted 
with  one  or  two  goosenecks,  depending  on  their  location.  When 
two  lamps  are  used,  they  are  each  250  watt,  and  all  single 
lights  are  400  watt.  Poles  are  25  feet  9  inches  in  total  height, 
ynth  the  center  of  the  lamp  23  feet  3  inches  above  the  ground. 
They  are  spaced  approximately  175  feet  apart,  except  where 
yard  work  requires  closer  spacing.  Reflectors  are  of  copper, 
porcelain  enameled.  All  lights  are  operated  on  2200- volt  alter- 
nating current,  connected  in  series  by  armored  cable  laid  un- 
derground.   There  are  no  overhead  wires  in  the  yard. 

All  the  work  described  above  was  performed  by  the  Di- 
vision of  Terminal  Construction,  Panama  Canal.  Lieut.-Colonel 
T.  C.  Dickson,  as  Inspector  of  Shops,  was  in  immediate  charge 
of  the  design  and  inspection,  reporting  to  the  Engineer  of  Ter- 
minal Construction,  Rear- Admiral  H.  H.  Rousseau. 
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Paper  No.  23 


TEBMINAL  WOBES,  DBT  DOCKS  Ain>  WHARVES  OF 

THE  PANAMA  CANAL. 


By 

H.  H.  BOUSSEAU,  Assoc.  M.  Am.  Soe.  C.  E. 

Civil  Engineer,  U.  S.  Navy 

Engineer  of  Terminal  Construction,  The  Panama  Canal 

Balboa  Heights,  Canal  Zone,  Panama 


This  paper  includes  a  resume  of  terminal  projects,  a  gen- 
eral description  of  the  Panama  Canal  terminal  works,  and  as 
detailed  a  description  of  the  breakwaters,  fuel  oil  plants,  dry 
docks  and  wharves  as  can  be  given  in  the  allotted  space.  The 
shop  facilities  are  treated  in  detail  in  the  paper  '*  Permanent 
Shops"  by  H.  D.  Hinman  and  A.  L.  Bell,  and  the  coaling  plants 
and  floating  cranes  in  the  paper  ''Coaling  Plants  and  Floating 
Cranes  of  the  Panama  Canal"  by  F.  H.  Cooke. 

Congress  authorized  these  terminal  works;  in  1902  so  far 
as  was  necessary  for  the  construction  of  "such  safe  and  com- 
modious harbors  and  termini"  of  the  canal;  and  in  1912,  as 
regards  dry  docks,  repair  shops,  coaling  plants,  wharves,  store- 
houses and  all  ''other  necessary  facilities  and  appurtenances". 
Various  annual  appropriations  have  supplied  funds  for  each 
project  paid  for  by  the  Panama  Canal,  as  required.  The  Pan- 
ama Railroad  has  built  and  paid  for  certain  terminal  works  out 
of  its  surplus  earnings. 

The  Canal  and  accessory  works  have  been  planned  and 
constructed  so  as  not  to  exceed  the  cost  limit  of  $375,200,900 
fixed  by  Congress,  in  accordance  with  the  Isthmian  Canal  Com- 
mission's estimate  of  December,  1908.  Terminal  requirements 
were  not  given  detailed  study  until  some  time  after  that  esti- 
mate was  made.  At  that  time  it  was  generally  assumed  that 
the  Panama  Railroad  would  provide  any  required  facilities  in 
the  way  of  permanent  docks  and  fuel  plants,  out  of  its  surplus 
earnings,  or  with  loans  from  the  United  States  included  in 
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canal  appropriations.  Canal  necessities  as  regards  permanent 
shops  and  dry  docks  had  not  then  developed.  The  only  funds 
for  terminal  works  included  in  the  estimate  of  December,  1908, 
were  as  follows  : 

Atlantic  Breakwaters   $11,432,000.00 

Loans  to  the  Panama  Bailroad  for  the  purchase 
of  equipment  and  the  construction  of  wharves 
and  coaling  plants  8,300,000.00 

Total  $19,732,000.00 

Of  the  second  item  approximately  $2,587,000.00  was  used  by  the 
Panama  Bailroad  for  new  equipment,  etc.,  leaving  about  $17,- 
145,000  available  for  terminal  works. 

The  terminal  works  authorized  to  date  are  estimated  to 
cost  $32,710,000,  of  which  amount  the  Panama  Railroad  will 
contribute  from  its  surplus  earnings  $5,855,000,  and  the  Pan- 
ama Canal  $26,855,000.  The  excess  of  the  latter  item  over  the 
above  amount  of  $17,145,000  is  $9,710,000,  which  represents  the 
sum  that  has  been  allotted  from  savings  accruing  from  other 
items  of  construction  work,  and  from  the  general  item  for  con- 
tingencies, of  about  5%,  that  was  included  in  the  estimate  of 
1908. 

A  number  of  items  which  might  also  be  classed  properly 
with  terminal  improvements  have  not  been  included  in  the 
above  amounts,  such  as: 

1.  The  old  ''French  Pier'*  at  Balboa,  completed  by  the 
Panama  Railroad  in  1898  at  a  cost,  including  cranes,  of  $1,024,- 
000,  which,  with  other  improvements  including  dredging,  ap- 
proach, filling,  new  railroad  yards,  etc.,  forming  **La  Boca 
Terminal'',  cost  the  Panama  Railroad  originally  about  $2,188,- 
000.  Since  1905,  improvements  to  this  pier,  including  wharf 
cranes  recently  purchased,  changes  in  floor,  etc.,  have  resulted 
in  an  additional  expenditure  of  about  $255,000. 

2.  Temporary  wooden  docks  and  wharves,  with  dredging, 
built  by  The  Panama  Canal  for  use  during  the  construction 
period,  costing  $526,000.  All  wooden  and  otherwise  non-rat- 
proof  wharf  structures  in  the  Canal  Zone,  and  in  Panama  and 
Colon  must  be  removed  by  January  1,  1919. 

3.  Such  work  as  was  necessary  for  the  constnietion  of  the 
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permanent  buildings  and  towns  at  the  canal  terminals,  includ- 
ing filling,  street  improvements,  water  and  sewer  systems,  quar- 
ters and  other  buildings.  This  has  special  application  to  the 
towns  of  Balboa  and  new  La  Boca. 

4.  The  construction  by  the  Panama  Railroad  of  terminal 
freight  yards,  and  the  making  of  all  main  line  and  other  track 
changes  to  conform  to  the  permanent  lay-out. 

5.  Two  Panama  Canal  colliers,  the  ** Ulysses''  and  the 
*' Achilles",  purchased  to  transport  coal  to  the  Isthmian  coal- 
ing stations  from  the  United  States.  The  cost  of  these  two  col- 
liers, $1,000,000  each,  was  excluded  from  the  Canal  costs  that 
are  required  to  be  paid*  from  the  bond  issue  of  $375,200,900. 

6.  Such  projects  as  the  completion  of  Dry  Dock  No.  2  and 
adjacent  pier,  together  with  the  required  excavation  and  dredg- 
ing to  give  access  thereto,  for  which  the  estimated  cost  is 
$1,500,000.  The  plans  for  this  project  have  been  worked  out. 
Construction  work  has  been  suspended  thereon,  pending  both 
the  development  of  the  necessity  for  same  as  well  as  certainty 
that  the  funds  therefor  will  not  be  required  more  urgently 
elsewhere. 

The  following  is  a  list  of  the  terminal  works  and  the  esti- 
mated costs,  which  it  is  expected  will  be  completed  by  July  1, 
1916 : 

Atlantic  Teiminals. 

Estimated   Costs 

Paid  by  the     Paid  by  the 
Project  Panama  Panama 

Number  Description  Canal  Bailroad 

1.  Cristobal  CoaUng  Plant $2,250,000      $1,000,000 

2.  Bailroad  extension  to  Coal- 

ing Plant  185,000 

3.  Fuel  Oil  Plant  200,000 

4.  Dredging    Approach    Chan- 

nel    and    around    Piers 

and  Docks  500,000  300,000 

5.  West  Breakwater  3,500,000 

6.  East  Breakwater   3,415,000 

7.  Cristobal  Mole 540,000 

8.  Piers    and   Docks    7,    8,    9 

and    10    3,430,000 

Total  $9,865,000   $5,455,000   $15,320,000 
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Pacific  Tenninalfl. 

Estimated   Costs 

Paid  by  the     Paid  by  the 
Project  Panama  Panama 

Number  Description  Oanal  Railroad 

9.  Excavation,  fill  and  other 
preparatory  and  pre- 
liminary work  for  Pa- 
cific Terminals  $  1,100,000 

10.  Excavation  entrance  basin 

and  removal  coffer  dam       900,000 

11.  Dredging  inner  harbor 1,300,000 

12.  Reclamation  and  drainage 

of  swamp  land  350,000 

13.  Balboa  shops  and  accesso- 

ries       3,600,000 

14.  Dry  Dock  No.  1,  including 

50  ton  locomotive  crane  2,700,000 

15.  Wharves  and  piers 3,500,000      $   400,000 

16.  Coaling  Plant  1,250,000 

17.  Fuel  Oil  Plant 250,000 

18.  Naos  Island  Breakwater....       790,000 

Total    $15,740,000      $   400,000      $16,140,000 

Qeneral. 

19.  Two   250-ton    floating 

cranes  $     900,000 

20.  Two  Type  '*A"  tugs. 350,000 

Total    1,250,000  1,250,000 

Grand  total  $26,855,000      $5,855,000      $32,710,000 

To  July  1,  1915,  The  Panama  Canal  expenditures  on  the 
foregoing  twenty  items  had  been  about  $19,500,000,  and  the 
Panama  Railroad  expenditures  about  $3,800,000. 

Of  the  above,  items  2  and  7,  and  item  8,  excepting  Pier  7, 
were  designed  and  constructed  by  Lieutenant  F.  Mears,  U.  S. 
Army,  M.  Am.  Soc.  C.  E.,  as  Chief  Engineer  of  the  Panama 
Railroad. 

Item  5  was  designed  and  constructed  by  Brigadier  General 
W.  L.  Sibert,  U.  S.  Army,  M.  Am.  Soc.  C.  E.,  as  Division  Engi- 
neer of  the  Atlantic  Division. 
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The  dredging  included  under  items  4  and  11,  and  the  fill 
included  under  item  12  were  performed  by  Mr.  W.  Q.  Comber, 
M.  Am.  Soc.  C.  E.,  as  Resident  Engineer  of  the  Dredging  Di- 
vision. 

Item  18  was  designed  and  constructed  by  Lieutenant  Colo- 
nel D.  D.  Gaillard,  U.  S.  Army,  as  Division  Engineer  of  the 
Central  Division,  as  stated  hereinafter. 

A  part  of  item  15,  Wharves  and  Pier  at  Balboa,  was  de- 
signed and  constructed  by  Mr.  S.  B.  Williamson,  M.  Am.  Soc. 
C.  E.,  as  Division  Engineer  of  the  Pacifi<5  Division,  as  stated 
hereinafter. 

The  tugs,  item  20,  were  designed  by  Mr.  M.  C.  Furstenau 
of  Philadelphia. 

The  remainder  of  the  work  has  been  designed  and  con- 
structed under  the  supervision  of  the  writer,  as  Engineer  of 
Terminal  Construction,  reporting  directly  to  Major  General 
Geo.  W.  Goethals,  U.  S.  Army,  as  Governor. 

TERMINAL  HARBORS. 

The  Canal  terminates  on  the  Atlantic  side  in  Limon  Bay, 
a  coastal  indentation  about  2^  miles  wide  and  5  miles  long, 
measured  along  the  Canal  channel  inside  the  breakwaters.  (Plate 
I.)  The  depth  varies  quite  uniformly  from  the  head  of  the 
bay  to  a  point  opposite  Cristobal  mole.  The  Canal  channel  lies 
about  %  mile  from  the  water  front  of  Colon.  The  bottom  is 
soft  mud  with  coral  formations  extending  to  the  surface  along 
the  east  shore.  Without  the  protection  of  breakwaters  Limon 
Bay  would  be  entirely  open  to  ** northers"  that  blow  from  the 
north  or  a  few  degrees  east  or  west  of  north,  occurring  from 
November  to  April.  These  wind  storms,  which  are  usually  pre- 
ceded or  accompanied  by  heavy  rain,  drive  waves  of  great  size 
and  force  into  the  bay,  in  the  past  damaging  or  endangering 
any  shipping  lying  there.  Prior  to  1905  there  are  records  of 
eight  northers  of  unusual  intensity  that  destroyed  or  damaged 
some  43  vessels,  besides  doing  much  damage  to  the  wharves  of 
Colon.  Northers  of  this  class  usually  last  from  three  to  five 
days  and  are  accompanied  by  wind  blowing  from  30  to  40 
miles  per  hour.    Such  northers  ordinarily  occur  only  at  inter- 
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vals  of  several  years.  Storms  of  less  intensity  and  resulting 
from  the  same  causes,  but  doing  little  or  no  damage,  occur  at 
the  average  rate  of  from  three  to  five  a  year. 

There  are  no  currents  in  Limon  Bay  affecting  appreciably 
either  navigation  or  the  movement  of  the  bottom  silt.  Imme- 
diately after  the  Canal  channel  was  cut  through  the  bay  there 
was  considerable  silting,  induced  by  the  wave  action  on  the 
shore.  The  works  which  have  been  constructed  have  practi- 
cally discontinued  this  action.  The  average  tidal  range  in 
Limon  Bay  is  11  inches,  mean  high  water  being  +  0.679  and 
mean  low  water  — 0.246.  The  extreme  range  is  2  feet  8 
inches. 

At  the  Pacific  end,  the  Canal  passes  out  to  Panama  Bay 
through  the  old  channel  of  the  Rio  Grande  River.  The  dredged 
channel  continues  about  four  and  one-half  miles  beyond  the  old 
shore  line  to  a  point  opposite  San  Jose  rock,  where  the  depth 
is  45  feet,  referred  to  mean  sea-level.  No  storms  that  injure 
shipping  visit  the  Pacific  side.  The  most  severe  distxirbances 
consist  of  wind  squalls  of  comparative  short  duration.  The 
maximum  velocity  of  wind  recorded  at  Balboa  is  58  miles  per 
hour.  The  usual  outer  anchorage  of  vessels  is  to  the  south  of 
Flamenco  Island.  The  construction  of  a  continuous  breakwater 
or  dike  from  Flamenco  Island  to  the  shore  has  resulted  in  pro- 
tecting the  Canal  channel  from  the  littoral  currents  setting  to 
the  southwest,  that  would  otherwise  necessitate  a  large  amount 
of  maintenance  work.  The  tidal  range  at  Balboa,  referred  to 
the  zero  of  the  Balboa  tide  gauge,  and  based  on  the  number  of 
years'  observations  stated,  is  as  follows: 

Mean  high  water  (7  years'  record)  plus  6.6 
Mean  low  water  (7  years'  record)  minus  5.7 
Mean  tidal  range  (7  years'  record)  12.3  feet 
Mean  high  water,  ordinary  Spring  tides  (5  years'  record) 

plus  8.37 

Mean  low  water,  ordinary  Spring  tides  (5  years'  record) 

minus  7.57 

Tidal  range,  ordinary  Spring  tides  (5  years'  record)  15.94 

feet 

Extreme  high  water,  plus  11.2  feet 
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Extreme  low  water,  minus  10.6  feet 

Extreme  tidal  range,  21.8  feet 
Terminal  Works  at  Colon  and  Panama  Prior  to  1880. 

At  Colon,  the  Panama  Railroad  controlled  the  entire  water 
front  except  two  strips  of  shore  line  which  were  owned  by  the 
Royal  Mail  Steam  Packet  Company  and  the  Pacific  Mail  Steam- 
ship Company.  These  three  companies  constructed  a  number  of 
piers  of  light  construction.  Wooden  piling  was  largely  used 
for  the  substructure,  with  some  metal  piles,  both  cast  iron  and 
wrought  iron  or  steel — some  with  screw  discs  at  the  point  to 
increase  the  bearing  area.  Wooden  piles  have  been  protected 
from  marine  borers  by  creosoting,  by  sheathing  them  with  cop- 
per, and  by  covering  them  with  vitrified  tile  and  concrete  pipe. 
The  floors  of  the  docks  were  constructed  of  wood.  Several  of 
the  pier  sheds  were  of  steel  or  iron,  with  curved  top  chord  roof 
trusses  and  corrugated  iron  roofing  and  siding.  Only  three  of 
these  piers  remain  today.  They  are  in  poor  <;ondition,  and,  not 
being  rat-proof,  must  be  replaced  with  permanent  construction 
or  destroyed  not  later  than  January,  1919.  Notwithstanding 
the  damage  caused  to  all  of  these  wharves  by  the  constantly 
recurring  northers  during  the  period  from  1853  to  1880,  no 
protective  harbor  works  were  undertaken. 

At  Panama,  several  wooden  pier  structures  were  con- 
structed by  the  Panama  Railroad,  which  were  used  to  transfer 
freight  to  and  from  lighters.  Panama  City  has  never  had  a 
wharf  that  could  be  used  at  low  water,  and,  since  the  sixteenth 
century  and  the  days  of  old  Panama,  the  transfer  of  cargoes 
on  the  Pacific  side  had  been  by  lighters. 

Terminal  Projects  and  Works  During  the  Days  of  the  French 
Oanal  Companies— 1880-1904. 

The  problem  confronting  the  French  in  connection  with 
terminal  works  was  to  provide  as  quickly  as  possible  such  facil- 
ities as  were  needed  during  the  construction  period,  and  after 
that  to  give  consideration  to  such  as  would  be  required  for  the 
operation  of  the  canal.  The  solution  which  naturally  resulted 
was  to  erect  such  facilities  for  construction  purposes  as  would 
form  so  far  as  practicable  a  portion  of  the  works  which  would 
be  required  for  the  completed  canal. 
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The  following  relates  to  the  Atlantic  terminal: 

Several  of  the  American  delegates  to  the  International 
Congress  recommended,  in  1879,  a  breakwater  at  Colon,  extend- 
ing into  the  bay  from  Manzanillo  Point,  where  the  Panama 
Railroad  maintained  a  tower  and  light,  to  the  west,  a  distance 
of  460  meters.  Messrs.  Wyse  and  Reclus  included  a  similar 
breakwater  850  meters  long  in  their  project  for  a  sea-level 
canal.  In  the  latter  part  of  1881  the  Commission  Internationale 
approved  the  project  of  a  breakwater  1000  meters  long,  -con- 
structed of  rock,  and  armored  with  concrete  blocks  or  the  equiv- 
alent. This  would  have  afforded  protection  to  Colon  wharves 
and  piers.  Before  work  started  it  was  decided  that  the  neces- 
sity of  obtaining  protection  for  assembling  and  mooring  float- 
ing equipment  of  the  French  Canal  Company  was  so  great  as 
to  make  it  impossible  to  await  the  construction  of  this  break- 
water, and  an  alternative  plan  was  decided  upon  as  follows : 

A  temporary  basin,  to  form  a  part  of  the  permanent  terminal 
basin  of  the  Canal,  was  located  between  two  coral  reefs  lying 
southwest  of  Manzanillo  Island,  with  an  entrance  channel  200 
meters  wide.  A  mole  composed  of  hard  rock  was  built  on  the  east 
reef,  forming  the  present  site  of  the  town  of  Cristobal,  which 
work  started  in  1881.  The  proposed  mole  on  the  second  reef, 
which  occupies  a  portion  of  the  site  of  the  permanent  coaling 
plant  now  under  construction,  was  never  built,  the  protection 
afforded  by  the  Cristobal  mole  having  been  found  during  the 
norther  of  1883  to  be  sufficient.  A  wharf  for  unloading  ma- 
terial, on  the  site  of  the  present  Dock  11,  was  started  in  1881, 
as  well  as  a  coal  dock  near  Folks  River.  The  Mount  Hope  dry 
dock  was  excavated  in  the  soft  argillaceous  sandstone,  with 
little  or  no  concrete  lining,  and  having  wooden  miter  entrance 
gates.    Dry  dock  work  started  in  1886. 

This  dry  dock  was  enlarged  by  the  United  States  in  1908 
to  meet  the  requirements  of  canal  construction  work.  It  has 
performed  valuable  service  and  has  been  constantly  busy.  Its 
present  dimensions  are : 

Length  from  head  to  entrance  293.0  feet 

Total  length  from  gate  to  head  measured  on  center  line  on 
floor  303.5  feet 
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Width  at  entrance  49.95  feet 

Width  measured  in  body  at  coping  level  69.33  feet. 

Depth  of  water  over  sill  referred  to  mean  sea  level  13.4 
feet. 

The  dredging  of  the  interior  temporary  basin,  which  was 
designed  to  form  a  part  of  the  permanent  terminal  basin,  was 
carried  on  from  1882  to  1885  by  the  American  Dredging  and 
Contracting  Company.  After  1885  the  dredging  of  the  basin 
and  in  the  canal  channel  to  the  south  was  performed  by  another 
contractor,  under  orders  to  give  preference  to  the  channel 
work.  In  1888,  plans  for  the  permanent  harbor  were  received 
from  Paris.  Modifications  recommended  by  the  engineers  on 
the  Isthmus,  including  Messrs.  Pioch  and  Dingier,  led  to  a  re- 
consideration of  this  plan.  As  finally  approved  the  project  is 
shown  on  Plate  I. 

Nothing  had  been  undertaken  on  this  permanent  harbor 
plan  other  than  dredging  before  the  company  failed,  in  1889. 
The  new  French  Company  never  performed  any  work  on  this 
harbor.  A  project  including  some  modifications  of  the  ap- 
proved plan  was  considered  on  the  Isthmus,  and  plans  were 
prepared,  but  this  project  was  never  forwarded  to  Paris. 

The  Pacific  terminal  works  projected  in  1884  by  the  French 
were  to  be  included  between  Corozal  and  old  La  Boca  on  the 
Rio  Grande  tidal  flats  and  to  lie  between  the  Panama  Railroad 
and  the  Canal,  as  shown  on  Plate  II,  with  a  tidal  lock  at  Coro- 
zal. The  interior  basin  was  to  be  named  Panama  Harbor.  To 
eliminate  the  effect  of  tides,  a  temporary  dam  and  tide  gate 
were  to  be  located  at  La  Boca  near  the  shipways.  The  tidal 
gate  was  to  be  10  meters  wide  to  pass  the  construction  equip- 
ment. Sluiceways  were  to  be  provided  for,  taking  the  dis- 
charge from  the  Rio  Grande  swamp.  A  diversion  of  the  Rio 
Grande  River  was  constructed  from  Pedro  Miguel  to  the  sea. 
The  temporary  dam  occupied  the  same  site  as  Sosa  dam,  later 
proposed  for  the  American  Canal.  It  was  proposed  to  complete 
the  north  end  of  Panama  Harbor  opposite  Corozal  to  the  extent 
of  fifty  hectares.  The  tidal  lock,  wharves,  storehouses,  and 
machine  shops  were  to  be  located  along  the  east  side  of  the 
basin.    A  dry  dock  of  dimensions  similar  to  those  of  the  dry 
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dock  of  the  Colon  project  was  located  at  the  northeast  comer 
of  the  basin.  Each  tidal  lock  consisted  of  two  gate  chambers 
160  meters  apart  (524.9  feet).  The  gate  chambers  were  to  be 
65.65  meters  (215.2  feet)  long  and  25  meters  (82  feet)  wide. 
The  width  of  the  canal  channel  north  of  locks  at  the  bottom  was 
22  meters  (72.2  feet).  The  gate  sills  were  placed  at  elevation 
— 12.20  meters  (40  feet).  The  tidal  locks  were  designed  so 
that  they  could  be  readily  removed  if  in  actual  operation  they 
were  found  to  be  not  needed. 

No  work  was  ever  executed  on  this  project  except  the 
canal  channel,  the  old  shipways  and  a  small  pier  for  construc- 
tion use.  Contracts  for  dredging  the  canal  channel  between 
Pedro  Miguel  and  La  Boca  were  executed  in  1884,  and  in  1886 
the  French  Canal  Company  started  work  on  the  channel  from 
La  Boca  to  the  sea.  Li  subsequent  years  this  work  was  con- 
tinued under  contract.  The  adoption  of  a  plan  for  a  lock  canal 
in  1887  and  the  fact  that  under  its  concession  from  the  United 
States  of  Colombia  the  Panama  Railroad  was  subject  to  an 
annual  payment  of  $10,000  until  its  Pacific  terminus  was  ex- 
tended to  deep  water ;  also  the  completion  of  the  channel  from  La 
Boca  to  the  sea  to  a  depth  of  nine  meters  in  1888,  brought  about 
the  abandonment  of  the  ** Panama  Harbor''  project  and  the  decis- 
ion on  the  part  of  the  Canal  Company  to  build  a  terminal  im- 
mediately at  La  Boca.  The  failure  of  the  old  French  Company 
and  the  period  of  reorganization  from  1889  to  1894  led  to  the 
deferring  of  any  work  on  the  La  Boca  Terminal  until  1895, 
when  negotiations  were  resumed  between  the  French  Canal 
Company  and  Panama  Railroad  oificials,  which  resulted  in  the 
building  of  a  steel  pier  and  the  dredging  of  a  turning  basin  by 
the  Panama  Railroad,  from  1896  to  1898.  The  '*La  Boca  Ter- 
minal" cost  the  Panama  Railroad  approximately  $2,188,000,  of 
which  $963,000  was  for  the  steel  pier,  $61,000  for  the  wharf 
cranes,  $601,000  for  dredging  and  $89,000  for  embankment  and 
fill.  The  wharf,  supported  by  large  concrete  cylinders  carried 
down  to  rock,  was  constructed  302.20  meters  long  and  16.50 
meters  wide,  roofed  with  corrugated  iron  on  steel  trusses,  and 
provided  with  six  hydraulic  cranes  of  1^/^  tons  capacity  and 
one  hand  operated  crane  of  15  tons  capacity.     A  berth  350 
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meters  long  and  30  meters  wide  was  dredged  to  El.  — 11  meters 
in  front  of  the  wharf,  with  a  turning  basin  180  meters  wide 
opposite  the  wharf,  dredged  to  El.  — 9.50  meters.  This  steel 
pier  is  still  rendering  good  service.  In  1906  considerable  work 
was  done  on  it,  including  the  removal  of  tracks  and  replacing 
them  with  double  depressed  tracks  carried  on  a  pile  trestle  in 
the  rear.  The  pier  shed  was  correspondingly  widened.  At  La 
Boca,  the  French  constructed  quite  complete  shop  facilities, 
principally  for  repairs  to  marine  equipment,  including  a  grid- 
iron, and  shipways,  which  plant  remained  in  continuous  ope- 
ration until  it  was  displaced  by  the  permanent  Balboa  Shops 
that  were  completed  in  1915. 

Terminal  Work  Since  1904. 

The  report  of  the  Board  of  Consulting  Engineers  of  1906 
recommended  harbor  protection  at  the  Atlantic  terminal  along 
the  lines  of  the  French,  giving  due  consideration  to  the  change 
in  the  location  of  the  American  canal.  The  Board's  plan  pro- 
vided for  two  breakwaters,  approximately  parallel  to  the  -chan- 
nel. (Plate  I.)  The  distance  between  the  ends  of  the  break- 
waters at  the  Canal  entrance  was  1000  feet.  The  dredged  chan- 
nel in  Limon  Bay  was  to  have  a  width  of  500  feet.  Had  this 
plan  been  followed,  the  protected  harbor  woiild  have  been  of 
inadequate  size  for  Canal  shipping  of  today.  The  minority 
report  shifted  the  dredged  channel  in  Limon  Bay  to  the  west  in 
more  easily  dredged  material  and  extended  the  west  break- 
water to  the  head  of  the  bay,  though  it  was  suggested  to  omit 
the  west  breakwater  wholly  or  in  part  and  to  widen  the  channel 
to  1000  feet  or  more. 

At  the  Pacific  terminal,  the  majority  Board  report  of  1906 
adopted  a  300-foot  channel  extending  in  a  straight  line  from 
a  point  north  of  Corozal  to  the  tidal  lock  between  Sosa  and 
Ancon  Hills,  and  thence  with  a  slight  break  to  deep  water  off 
Flamenco  Island.  This  plan  contemplated  the  use  of  rock  exca- 
vated from  the  channel  to  form  a  low  dike  on  the  west  side  of 
the  channel  from  the  shore  towards  Flamenco  to  protect  the 
channel  from  silting,  and  anticipated  the  advisability  of  using 
any  available  rock  for  a  similar  dike  on  the  east  side  of  the 
channel. 
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At  the  Pacific  end  the  minority  Board  report  included  Lake 
Sosa  with  two-lift  locks  of  31  feet  each,  located  on  the  west  side 
of  Sosa  Hill,  and  a  dredged  channel  about  four  miles  long  from 
Sosa  locks  out  into  Panama  Bay  closely  following  the  dredged 
channel  of  the  French  company.  The  Board's  report  did  not 
cover  any  terminal  works  other  than  to  mention  that  the  La 
Boca  pier  would  probably  be  **of  great  service  as  a  landing 
place  during  the  construction  of  the  Canal  and  very  useful  for 
a  coaling  station  subsequently". 

As  built,  the  Atlantic  breakwaters  were  located  so  as  to 
shelter  as  large  an  anchorage  area  as  practicable,  and  to  protect 
the  channel  in  Limon  Bay  as  well.  The  west  breakwater  was 
authorized  first.  The  construction  of  the  east  breakwater  was 
deferred  until  the  effect  of  the  west  breakwater  could  be  ob- 
served. On  the  Pacific  side,  the  removal  of  the  double  lift  locks 
from  La  Boca  to  Miraflores  was  authorized  in  December,  1907 ; 
and  leading  the  channel  straight  to  sea  west  of  Naos  Island,  in 
connection  with  the  disposition  of  spoil  from  Culebra  Cut, 
paved  the  way  for  active  steps  to  be  taken  for  the  construc- 
tion of  the  Naos  Island  Breakwater,  which  was  completed  in 
1914. 

The  Panama  Railroad  has  been  largely  interested  in  all 
steps  taken  to  furnish  adequate  wharves  and  piers  for  perma- 
nent use  at  the  Atlantic  terminal.  For  several  years  subsequent 
to  1904  the  railroad  was  handicapped  by  inadequate  funds,  and 
it  was  necessary  for  the  Panama  Canal  to  construct  a  number 
of  temporary  wooden  wharves,  and  perform  necessary  dredg- 
ing at  each  terminal,  so  that  vessels  bringing  canal  equipment 
and  supplies  to  the  Isthmus  could  be  promptly  berthed  and 
unloaded.  Canal  expenditures  for  these  temporary  structures 
amounted  to  $526,000,  a  portion  of  which  has  been  returned  in 
the  form  of  rentals  of  those  docks  which  were  used  by  the 
Panama  Railroad.  On  the  Atlantic  side,  these  docks  were  lo- 
cated along  the  French  canal  from  Cristobal  point  up  as  far  as 
Mount  Hope.  At  the  Pacific  end,  the  docks  joined  and  formed 
an  extension  to  the  old  La  Boca  pier. 

In  locating  the  permanent  docks  at  the  Atlantic  end,  at- 
tention was  first  directed  to  the  French  canal  between  Cristo- 
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bal  point  and  the  dry  dock  shops  at  Mount  Hope,  where  the 
French  proposed  their  terminal  harbor.  The  lack  of  ground 
for  tracks,  yards,  etc.,  and  the  cost  of  removing  the  large 
amount  of  coral  rock  in  the  channel,  and  the  depth  to  hard 
bottom  on  which  to  found  piers  at  other  points,  caused  the 
further  development  of  the  north  shore  line  of  the  old  French 
canal  entrance  to  be  abandoned,  and  resulted  in  adopting  a 
project  in  the  latter  part  of  1910,  which  has  since  been  fol- 
lowed, of  building  the  terminal  docks  and  piers  behind  the 
protection  of  a  mole  jutting  out  from  Cristobal  at  right  angles 
to  the  Canal,  parallel  to  the  approach  channel  leading  to  Cristo- 
bal docks  and  located  about  1000  feet  to  the  north  thereof. 
This  plan  is  elastic  and  provides  for  the  extension  of  the  mole 
as  the  building  of  additional  piers  becomes  necessary.  This 
project  provides  room  for  the  construction  of  five  piers,  two 
of  which  have  been  authorized.  At  the  time  this  project  was 
approved,  the  construction  of  the  east  breakwater  had  not  been 
approved.  So  far  as  the  protection  to  the  canal  channel  and  to 
vessels  lying  at  the  permanent  wharves,  and  in  the  French 
canal  is  concerned,  the  east  breakwater  is  not  necessary.  Its 
construction,  which  was  strongly  urged  by  the  Navy  Depart- 
ment, was  authorized  in  1913,  principally  to  protect  vessels 
lying  in  the  outet  anchorage  not  entirely  under  the  lee  of  the 
west  breakwater,  and  to  ensure  their  communication  with  the 
shore  by  means  of  small  boats  in  all  weather.  All  permanent 
docks  at  the  Atlantic  terminal  have  been  constructed  by  the 
Panama  Railroad  at  its  own  expense,  except  Pier  No.  16,  the 
permanent  coaling  plant.  This  was  necessary  as  Congress  did 
not  authorize  the  Panama  Canal  to  construct  any  terminal  docks 
and  piers  until  August,  1912. 

At  the  Pacific  terminal,  the  pressing  need  of  additional 
berthing  space  and  the  lack  of  authorization  to  construct  per- 
manent docks  by  the  Panama  Canal,  led  to  the  construction  by 
the  Panama  Railroad  of  a  reinforced  concrete  dock,  known  as 
''f-g'',  about  650  feet  by  57y2  feet,  in  1910.  This  dock  was 
located  as  closely  as  possible  to  deep  water,  and  at  the  east  end 
of  a  wooden  dock  that  had  been  built  by  the  Canal  for  con- 
struction purposes.    This  dock,  with  the  necessary  dredging, 
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was  constructed  by  the  Panama  Canal  for  the  Panama  Rail- 
road as  an  open  dock  for  use  in  unloading  lumber,  steel,  etc. 
It  was  completed  in  July,  1912.  Meanwhile  the  Board  on  Canal 
Fortifications  in  the  early  part  of  1910,  had  recommended  as 
necessary  the  construction  of  a  naval  repair  plant,  including 
shops,  dry  docks,  etc.,  near  each  terminal,  at  Mindi  on  the 
Atlantic  side,  and  at  Diablo  on  the  Pacifiyc  side.  As  these  repair 
plants,  required  only  for  military  use,  would  largely  duplicate 
facilities  required  for  canal  use,  an  arrangement  was  made  in 
1910,  satisfactory  to  the  War  and  Navy  departments  and  ap- 
proved by  the  President,  that  would  combine  under  the  Canal 
all  terminal  facilities,  including  wharves,  dry  docks,  shops,  etc., 
for  the  joint  use  of  all  departments  of  the  Government.  This 
led  to  locating  the  main  shop  and  dry  dock  facilities  at  the 
Pacific  terminal,  with  the  understanding  that  the  moderate  shop 
facilities  at  the  Atlantic  terminal  and  the  small  dry  dock  origi- 
nally constructed  by  the  French,  would  be  maintained  as  long 
as  necessary,  and  even  enlarged  if  the  future  demands  justified 
it.  At  Balboa  the  complete  project  provides  for  five  1000-foot 
by  200-foot  piers  with  300-foot  slips  between,  of  which  one  pier 
has  been  authorized.  The  depth  in  the  approach  channels  and 
alongside  of  wharves  at  the  Atlantic  and  Pacific  sides  is  the  same 
as  in  the  adjacent  canal  channels,  viz.,  — 41,  referred  to  mean 
sea  level,  at  Cristobal,  and  —  45  at  Balboa.  The  interior  basin 
at  Balboa  is  provided  for  the  convenient  handling  of  vessels  to 
the  piers  and  docks  from  the  canal  channel  and  vice  versa,  and 
not  as  an  anchorage  basin. 

In  1907-8,  the  old  French  dry  dock  at  Cristobal  was  en- 
larged in  order  to  be  able  to  accommodate  all  construction  equip- 
ment. This  has  been  the  only  dry  dock  yet  in  use  on  the  Isth- 
mus. On  the  Pacific  side,  the  considerable  range  in  tide  per- 
mitted under-water  maintenance  and  repairs  to  be  made  to  ves- 
sels either  by  beaching  them  or  by  placing  them  on  a  gridiron. 
Barges  and  other  small  vessels  were  hauled  out  on  the  shipways 
at  Balboa.  During  the  construction  period,  repair  shops  were 
located  at  various  points  where  required  by  the  work,  and  where 
the  French  had  already  constructed  shop  buildings  and  store- 
houses and  had  completely  equipped  repair  plants  in  commis- 
sion.   These  shops  include  the  plants  at  Gorgona  and  Empire, 
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which  were  principally  employed  to  keep  dry  excavation  plant  in 
service.  The  shops  at  Balboa  and  Mount  Hope  were  devoted 
especially  to  repairs  to  marine  equipment.  In  1904,  the  Panama 
Railroad  operated  its  repair  shops  on  the  beach  of  what  was 
originally  Aspinwall,  at  the  north  end  of  Colon.  In  1906,  the 
railroad  shops  were  transferred  to  the  new  plant  at  Cristobal. 
In  1913,  the  Panama  Canal  and  Panama  Railroad  shops  were 
consolidated,  which  led  to  the  gradual  closing  down  of  the  Cris- 
tobal shops.  At  first,  the  marine  shops  were  operated  under  the 
respective  divisions  having  supervision  of  construction  work  in 
their  vicinity.  The  other  shops,  including  Gorgona,  Empire  and 
Paraiso  were  operated  by  the  Mechanical  Division.  During  the 
latter  days,  the  principle  of  consolidation  was  applied  so  far  as 
practicable,  and  at  the  present  time  all  shops  are  operated  by  the 
Mechanical  Division. 

The  new  Balboa  plant  was  designed  to  afford  the  greatest 
convenience  with  the  greatest  operating  economy.  The  shops 
and  the  dry  dock  are  located  on  a  strip  of  ground,  made  partly 
by  filling  in  and  partly  by  grading,  averaging  800  feet  in  width, 
and  2700  feet  in  length.  The  details  of  construction  of  the  shops 
are  described  in  another  paper. 

The  new  wood-working  shop.  No.  8,  at  Balboa  began  opera- 
tions in  July,  1913,  the  foundry  in  August,  1913,  and  the  other 
buildings  followed  at  intervals. 

As  completed  the  shops  compare  very  well  with  a  first-class 
railroad  or  marine  repair  plant.  The  average  monthly  expendi- 
tures for  labor  and  material  at  Balboa  Shops  during  the  past 
year  have  been  $192,000.  The  number  of  employes  has  varied 
from  1500  to  2500. 

All  work  in  connection  with  the  design  and  construction  of 
the  shops  was  performed  by  the  Division  of  Terminal  Construc- 
tion. Lieut.Col.  T.  C.  Dickson,  Inspector  of  Shops,  was  in  charge 
of  all  designing  and  drafting  work,  and  of  the  installation  of 
machinery,  and  the  mechanical  and  electrical  equipment,  and  of 
all  inspection  work  on  the  Isthmus.  He  was  assisted  by  Mr.  A. 
L.  Bell,  Assoc.  M.  Am.  Soc.  M.  E.,  as  Mechanical  Engineer.  Con- 
struction work  in  connection  with  the  foundations,  floors,  all 
other  concrete  and  plaster  work,  etc.,  was  performed  by  General 
Superintendent  J.  A.  Walker,  assisted  by  Mr.  H.  D.  Hinman, 
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Assoc.  M.  Am.  Soc.  C.  E.,  as  Assistant  Engineer.  Messrs.  Hin- 
man  and  Bell  have  prepared  a  joint  paper  on  the  construction 
of  the  shops  as  Lieut.-Gol.  Dickson,  who  is  now  in  command  of 
the  Government  proving  ground  at  Sandy  Hook,  was  unable  to 
arrange  to  return  to  the  Isthmus  for  this  purpose. 

As  part  of  the  repair  plant,  the  Panama  Canal  has  pur- 
chased two  250-ton  floating  cranes  for  handling  heavy  weights. 
Floating,  rather  than  stationary  wharf  cranes  were  selected,  as 
the  principal  office  of  these  cranes  as  Canal  accessories  is  to  fur- 
nish 500  tons  lifting  capacity  at  any  lock  to  remove  an  injured 
gate  leaf  in  the  shortest  time  practicable,  or  to  assist  in  handling 
into  place  a  new  gate  leaf.  These  cranes  are  useful  adjuncts  of 
the  Canal  in  connection  with  general  construction  and  repair 
work,  and  wrecking  service.  They  have  been  purchased  under 
general  specifications  which  were  based  on  Naval  as  well  as  Canal 
requirements.  The  preliminary  investigation  and  consideration 
in  connection  with  the  purchase  of  these  cranes  were  made  by, 
and  the  general  specifications  based  thereon  were  prepared  by. 
Civil  Engineer  F.  H.  Cooke,  U.  S.  N.,  Assoc.  M.  Am.  Soc.  C.  E., 
as  Designing  Engineer,  Division  of  Terminal  Construction.  Mr. 
Henry  Schoellhom,  as  Assistant  Engineer,  was  in  charge  of  all 
inspection  and  the  approval  of  drawings  at  the  manufacturer's 
works.  He  also  superintended  the  erection  and  tests  of  the  cranes 
on  the  Isthmus.  These  cranes  are  described  in  detail  by  Mr. 
Cooke  in  a  succeeding  paper. 

The  ability  of  users  of  the  Canal  to  purchase  fuel  at  any 
time  of  a  satisfactory  quality,  in  any  quantity,  at  a  reasonable 
price  in  a  convenient  and  rapid  manner  was  early  recognized  as 
a  factor  of  great  value  to  the  Canal.  During  the  construction 
period  the  Panama  Railroad  handled  all  matters  connected  with 
the  purchase  and  supply  of  coal  to  the  Canal,  and  to  steamship 
lines  at  the  Canal  terminals.  Fuel  oil  was  purchased  by  the 
Panama  Canal  from  the  Union  Oil  Company.  The  sale  of  fuel 
oil  to  steamships  during  the  construction  period  was  not  large. 
The  following  table  gives  the  consumption  of  fuel  oil  by  fiscal 
years  by  the  Canal  and  the  Panama  Railroad.  The  tons  of  coal 
sold  and  used  by  the  Panama  Railroad  on  the  Isthmus  is  also 
given  by  fiscal  years,  as  follows : 
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1907 6  barrels 

1908 17,405 

1909 239,623 

1910 1,143,539 

1911 888,940 

1912 694,137 

1913 675,407 

1914 365,859 

1915 198,590 


Total 4,223,506  ' ' 

Coal. 

1905 75^673  tons 

1906 130,383 

1907 203,451 

1908 368,331 

1909 357,125 

1910 481,039 

1911 490,864 

1912 491,494 

1913 462.246 

1914 325,646 

1915 369,955 
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Total 3,756,207 
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The  policy  of  consolidation,  adopted  in  1910,  applied  to  the 
fuel  plants  as  well  as  to  the  shops.  The  fuel  plants  have,  there- 
fore, been  designed  to  meet  Canal  and  Naval  requirements  as 
well  as  to  serve  commercial  interests.  The  latter  feature  was 
approved  in  1913.  It  resulted  from  the  following  conditions: 
Under  existing  law,  the  Canal  cannot  lease  any  land,  or  land 
under  water,  in  the  Canal  Zone  except  for  agricultural  purposes. 
This  was  not  satisfactory  to  coal  companies,  or  to  steamship  com- 
panies desiring  to  establish  their  own  coal  depots  on  the  Isthmus, 
as  the  construction  of  piers  and  other  structures  necessary  for  a 
coaling  plant,  under  a  revocable  license,  would  permit  the  United 
States  to  terminate  the  license  without  reimbursing  the  owner 
for  the  value  of  the  improvements.  The  situation  was  not  a  de- 
sirable one  for  either  the  Canal  or  the  coal  companies.  The 
United  States  has  moreover  adopted  the  policy  of  retaining  direct 
control  of  all  water  front  at  the  terminals,  including  control  of 
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all  water  front  in  Colon  through  the  Panama  Railroad.  The  best 
working  arrangement  that  could  be  effected  therefore  was  to  con- 
struct the  Government  coal  plants  in  such  a  manner  as  would 
permit  certain  storage  areas,  served  by  the  coal  handling  machin- 
ery in  the  same  manner  as  the  Canal  coal  pile  was  served,  to  be 
leased  to  any  individual  or  company  desiring  to  store  and  sell 
coal  on  the  Isthmus.  The  Government  furnishes  all  the  facili- 
ties and  will  charge  as  rental  an  amount  per  square  foot  of  area 
per  annum,  as  well  as  a  handling  charge  per  ton  both  in  and  out 
of  storage.  This  is  the  plan  which  is  being  followed  for  both  the 
Atlantic  and  Pacific  coaling  plants.  For  the  fuel  oil  plants,  on 
account  of  the  distance  of  the  tank  farms  from  the  water  front, 
and  the  remote  possibility  of  the  Government  requiring  the 
ground  for  its  own  uses,  the  leasing  of  lots  under  revocable 
licenses  has  proceeded,  the  United  States  retaining  control  of  the 
water  front  and  handling  plants.  The  main  coaling  plant  has 
been  located  at  the  Atlantic  terminal  in  accordance  with  the 
recommendation  of  the  Navy  Department.  In  addition  to  the 
coal  to  be  stored  in  the  dry  for  Canal  and  commercial  use,  a 
pocket  has  been  provided  in  each  plant  for  the  storage  of  coal 
under  water,  under  the  control  of  the  Navy  Department.  The 
rates  of  handling  into  storage  and  the  rates  of  reloading  have 
been  fixed  so  as  to  be  able  to  equal  the  speed  of  any  coaling  plant 
in  the  United  States,  and  of  meeting  any  Naval  requirement  or 
emergency.  All  work  in  connection  with  the  design  and  con- 
struction of  the  coaling  plants  has  been  performed  by  the  Divi- 
sion of  Terminal  Construction.  Civil  Engineer  P.  H.  Cooke, 
U.  S.  N.,  Assoc.  M.  Am.  Soc.  C.  E.,  was  in  charge  of  the  prepara- 
tion of  the  specifications  for  the  coal  handling  machinery  for 
both  plants,  of  the  design  and  preparation  of  working  drawings 
of  the  wharf  and  other  structures  of  the  Cristobal  plant,  and 
the  supports  for  the  ''berm"  cranes,  etc.,  at  Balboa.  Assistant 
Engineer  W.  Rowland,  Assoc.  M.  Am.  Soc.  C.  E.,  was  in  charge 
of  the  design  of  the  Unloader  and  Reloader  Wharves  at  Balboa. 
Superintendent  W.  G.  Thompson,  Assoc.  M.  Am.  Soc.  C.  E.,  has 
been  in  charge  of  construction  work  at  the  Cristobal  plant  and 
has  acted  as  Chief  Inspector  of  the  erection  of  the  coal  handling 
machinery.  At  the  Balboa  plant  construction  work  has  been 
performed  by  General  Superintendent  J.  A.  Walker.    Field  engi- 
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neering  and  inspection  have  been  performed  by  Assistant  Engi- 
neer H.  D.  Hinman,  Assoc.  M.  Am.  Soc.  C.  E.,  who  also  acted  as 
assistant  on  construction  work.  These  coaling  plants  are  de- 
scribed in  detail  by  Mr.  Cooke  in  a  succeeding  paper. 

DRY  DOCKS. 

Location: 

The  main  dry  dock,  No.  1,  at  Balboa,  is  located  under  the 
protection  of  Sosa  Hill.  It  is  supported  entirely  on  rock.  Its 
axis  is  parallel  to  the  small  section  of  permanent  dock  ''f-g" 
which  had  already  been  constructed.  The  coping  of  the  dock  was 
placed  at  such  a  distance — 636.5  feet — ^from  the  face  of  the  per- 
manent quay  wall  as  would  permit  the  shop  buildings  to  be  built 
between  them,  and  at  the  same  time  would  not  place  the  head  of 
the  dry  dock  so  close  to  Sosa  Hill  as  to  unduly  increase  the  ex- 
cavation. 
Dimensions : 

The  ability  to  dock  any  vessel  that  can  pass  through  the 
Canal  locks  fixes  the  principal  dimensions  of  this  dock,  which 
are  as  follows: 

Length  on  center  line  from  head  to  miter  sill 1044        feet 

Length  on  center  line  from  head  to  caisson  sill 1102.67 

Width  of  dock  at  entrance 110 

Width  in  body  of  dock  at  floor  : 113 

Width  in  body  of  dock  at  coping   143 

Elevation  of  top  of  blocks  referred  to  mean  sea  level  — 35 
Elevation  of  floor  and  entrance  sills  referred  to  mean 

sea  level — 39.5 


tt 


Foundation : 

Sosa  Hill  rock,  on  which  the  dry  dock  is  founded,  is  a  mass 
of  dark  fine-grained  andesite  which  has  welled  up  from  below 
as  a  cooled  volcanic  neck.  Outwards  from  the  hill,  the  bedrock 
varies  from  gray  to  buff  in  color,  indicating  the  first  stages  of 
decomposition.  The  strength  of  this  lighter  colored  rock  is  en- 
tirely suitable.  At  different  points  during  the  excavation  a 
number  of  vertical  seams  and  pockets  were  encountered  where 
local  decomposition  had  taken  place  to  such  an  extent  that  the 
material  could  be  excavated  without  drilling  and  blasting. 
In  general  the  material  forming  the  foundation  is  strong,  solid, 
and  well  suited  for  a  heavy  structure. 
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Oenenil  Features: 

The  dock  has  been  designed  to  meet  all  requirements  of  the 
Canal,  the  Navy,  and  commercial  interests.  The  side  altars  are 
three  feet  wide,  and  are  spaced  to  conform  to  naval  requirements. 
The  side  walls  are  gravity  walb  of  mass  concrete.  It  was  not 
practicable  to  excavate  the  rock  to  the  desired  interior  dimen- 
sions and  line  it  with  concrete.  Seventy-pound  old  rails,  spaced 
i  feet  apart  longitudinally  were  provided  to  take  up  the  slight 
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tension  resulting  at  the  level  of  the  dock  floor  under  the  most 
severe  assumption.  The  dock  is  closed  by  a  pair  of  steel  miter 
gates  electrically  operated.  The  design  of  the  gates  and  the 
operating  machinery  is  similar  to  that  of  the  lock  gates.  The 
gates  will  open  or  close  in  less  than  two  minutes.  The  sills  and 
the  hollow  quoins  will  be  granite.  For  the  locks,  the  hollow 
quoins  are  metal  and  the  sills  are  greenheart,  attached  to  cast- 
ings embedded  in  the  floor  masonry.  The  change  to  granite  for 
the  dock  was  made  on  account  of  the  constant  exposure  of  the 
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dock  gates  and  fittmgs  to  sea  water.  For  the  same  reason,  the 
metal  miter  and  quoia  posts  of  the  lock  gates  have  been  replaced 
on  the  dock  gates  (except  for  the  quoin  heel  castings)  by  green- 
heart.  An  outer  sill  of  granite  has  been  provided  also.  The 
outer  sill  has  been  built  to  conform  to  the  dimensions  of  the 
caisson  which  was  purchased  for  use  in  connection  with  the  locks. 
The  use  of  this  caisson,  which  is  equipped  with  a  pumping  plant, 
will  enable  the  outside  of  the  dock  gates  to  be  examined  and 


painted.  It  increases  the  usable  length  of  the  dock  about  43  feet. 
If  necessary,  the  dock  can  thus  be  pumped  out  without  using  its 
o\^'n  pumping  plant.  The  existence  of  this  caisson  has  rendered 
the  use  of  miter  gates  practicable.  The  floor  of  the  dock  is  level 
longitudinally  for  full  length  and  transversely  for  a  width  of  66 
feet.  Access  to  the  floor  of  the  dock  is  obtained  by  four  stair- 
ways on  each  side;  one  at  the  head  and  one  at  the  entrance, — 
with  two  intermediate  sets  having  a  straight  run.  Slides  are  pro- 
vided in  connection  with  the  two  intermediate  sets.    The  con- 
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Crete  door  has  a  minimum  thickness  of  one  foot.  Where  seams  or 
pockets  of  disintegrated  rock  occur  the  thickness  of  the  floor  is 
greater,  and  in  some  places  has  been  increased  to  five  feet.  The 
keel  blocks  provided  will  be  of  cast  iron  of  the  wedge  type,  with 
the  top  block  of  white  oak.  The  bilge  keel  blocks  will  be  of 
Demerara  greenheart  topped  with  white  oak,  and  the  sliding 
bilge  blocks  will  be  of  white  oak. 

At  the  coping  level,  elevation  plus  16.5,  along  each  side  wall 


there  will  be  a  5-foot  gauge  railroad  track  and  a  22-foot  gauge 
crane  track,  the  latter  for  a  50-ton  standard  locomotive  crane 
having  a  reach  of  87  feet.  A  line  of  bollards  extends  around  the 
dock.  There  will  be  four  electric-driven  capstans  on  each  side 
and  one  at  the  bead  of  the  dock.  These  capstans  will  develop  a 
rope  pull  of  30,000  lbs.  at  a  speed  of  30  feet  per  minate.  The 
dock  is  flooded  by  a  culvert  on  each  side,  the  sea  entrance  to  each 
culvert  consisting  of  twin  openings  each  8  ft.  by  12  ft.,  set  15  ft. 
above  the  dock  fioor,  each  controlled  by  a  bydraulically  operated 
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"wagon-body"  valve.  Near  the  entrance  each  culvert  descends 
below  the  floor  level  and  is  formed  in  the  base  of  the  side  wall, 
conununicating  with  the  dock  body  by  17  grated  openings  set  in 
the  floor.  This  method  of  distributing  the  inflowing  water  was 
adopted  to  prevent  detrimental  longitudinal  ciurents.  The  esti- 
mated time  of  filling  the  dock  to  mean  high  water  level  is  thirty 
minutes.  Six-inch  diameter  air  vents  lead  from  the  top  of  the 
tunnel  to  the  inside  of  the  dock  just  above  the  floor  level  at  each 


ng.  1.     SatUng  Top  CHrdn  of  Mortk  L«at.    Klb*  Oatai,  Drr  Dock  So.  1. 

floor  outlet,  i.  e.,  at  55.5  feet  intervals.  To  drain  off  any  water 
accumulating  behind  the  side  walls,  a  12-  by  14-inch  culvert  with 
open  joints  has  been  bnilt  in  the  back  of  the  side  walls  continu- 
ously around  the  dock,  at  elevation  minus  27.5,  with  eight  eight- 
inch  connections  through  the  side  walls  into  the  body  of  the  dock, 
near  the  floor  level,  where  cheek  valves  will  be  installed  which 
can  be  readily  inspected.  This  culvert  is  also  connected  with  the 
interior  of  the  pmnp-well  by  a  15-in.  pipe,  with  a  gat«  valve 
operated  from  the  pump-weU,  which  will  enable  hydrostatic 
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conditions  behind  the  walls  to  be  readily  ascertained.    The  dis- 
charge through  the  15-in.  pipe  is  led  to  the  drainage  pumps. 

The  pump-well  is  located  on  the  south  side  of  the  dry  dock 
near  the  entrance,  and  has  been  designed  to  serve  both  Dry 
Dock  No.  1  and  Dry  Dock  No.  2.  The  logical  place  for  this 
pump-well  would  have  been  on  the  north  or  opposite  side  of  the 
entrance,  but  room  could  not  be  spared  at  that  point.  The  pump- 
well  pit  in  plan  is  99.5  ft.  by  54.5  ft.,  with  longer  dimension 
parallel  to  axis  of  dock.  The  main  pump  floor  is  at  elevation 
minus  37.0,  and  the  drainage  pump  floor  at  elevation  minus  58.5, 
which  is  the  lowest  floor  in  the  pit.  The  pump-weU  is  excavated 
largely  in  rock,  against  which  the  lower  portions  of  the  south 
and  east  walls  will  be  built. 

The  north  wall  is  connected,  by  vertical  reinforced  dia- 
phragms five  feet  thick  and  20  feet  c.  to  c,  to  the  adjacent  dock 
wall;  these  diaphragms  also  support  the  seven- foot  thick  rein- 
forced roof  of  the  pump  suction  chamber.  The  discharge  cul- 
vert for  the  main  pumps  is  built  into  the  south  wall  of  the  pump 
well,  thus  reducing  the  amount  of  exposed  piping.  It  is  12  by  14 
ft.  in  section,  and  discharges  at  a  point  about  100  feet  distant 
from  the  pump  well.  A  separate  discharge  culvert  three  feet 
square  is  provided  for  the  drainage  pumps,  parallel  to  the  main 
culvert.  There  are  four  main  pumps,  54  inches  discharge 
diameter,  volute  centrifugal,  single  bottom  suction,  vertical  shaft. 
Each  is  driven  by  a  1000-hp.,  2200-volt,  three-phase  motor,  lo- 
cated vertically  over  the  pump  and  supported  on  a  floor  just 
above  coping  level.  The  necessary  bearings  for  the  shafting  are 
held  by  suitable  intermediate  supports.  The  combined  capacity 
of  the  main  pumps  is  such  that  the  dock  can  be  emptied  in  about 
2y2  hours.  There  are  two  20-in.  drainage  pumps  similar  to  the 
main  pumps,  each  driven  by  a  200-hp.  motor.  A  3-in.  bilge  pump 
is  also  provided  for  handling  water  draining  into  the  pump 
well.  The  main  and  drainage  pumps  are  each  provided  with 
individual  suction,  discharge,  and  non-return  valves;  other 
valves  are  provided  in  the  piping  as  required.  All  valves  which 
are  part  of  the  normal  working  of  the  plant  are  operated  by 
water  at  a  pressure  of  300  lbs.  per  sq.  in.,  and  are  controlled 
from  a  table,  at  which  the  position  of  each  valve  disc  is  indicated 
by  colored  lights.    The  pressure  water  is  furnished  by  a  motor- 


396  TERMINAL  WORKS.  DRY  DOCKS  AND  WHARVES 

driven  accumulator  situated  in  the  pump  well.  The  air  compres- 
sor plant  is  primarily  for  the  supply  of  compressed  air  to  the 
shops,  but  is  housed  in  a  continuation  of  the  pump-well  housing, 
the  combined  building  being  about  245  feet  long  by  60  feet 
wide.  There  will  be  two  motor-driven  compressors,  having  a 
capacity  of  2250  and  5500  cu.  ft.,  respectively,  of  free  air  per 
minute.  The  air  thus  compressed  will  serve  the  dry  dock  as 
well  as  the  shops. 

The  excavation  for  Dry  Dock  No.  1,  Dry  Dock  No.  2,  the 
entrance  basin  and  the  coaling  plant  required  the  removal  of 
about  1,500,000  yards  of  material,  most  of  which  was  hard  rock. 
This  work  was  performed  in  the  dry  by  steam  shovels  working 
inside  of  a  clay  cofferdam  without  sheet  piling,  the  clay  being 
dumped  from  a  trestle  driven  from  the  north  side  of  Dry  Dock 
No.  2,  across  the  entrance  to  Dry  Dock  Nos.  1  and  2  to  the  Re- 
loader  Wharf.  This  excavation  was  performed  by  steam  shovels, 
the  material  being  loaded  on  steel  dump  cars,  varying  in  capacity 
from  15  to  23  cubic  yards,  or  on  lidgerwood  flat  cars  having  a 
capacity  of  about  18  cubic  yards.  Owing  to  limited  space,  no 
more  than  four  shovels  could  be  worked  at  one  time,  and  until 
practically  all  of  the  steam  shovel  work  had  been  completed  it 
was  impossible  to  commence  concrete  work  on  the  dry  dock.  Ex- 
cavation was  started  in  January,  1913,  and  completed  in  the  lat- 
ter part  of  1914.  The  excavation,  including  plant  and  division 
expense,  cost  as  follows : 

Dry  Dock  No.  1 0.990c  per  cu.  yd. 

Dry  Dock  No.  2 0.736c     '*    **     " 

CoaUng  Plant 0.767c     "    '*     '* 

Entrance  Basin 0.945c     '*    '*     *' 

The  material  was  hauled  out  on  a  double  track  leading  up 
from  the  east  end  of  the  dry  dock  on  a  grade  which  did  not 
exceed  5%.  As  excavation  work  progressed  in  the  body  of  the 
dry  dock,  a  single  track  trestle  on  a  5%  grade,  on  approximately 
the  center  line  of  the  dry  dock,  was  used.  The  rock  forming  the 
sides  of  the  dry  dock  excavation  stood  up  very  well.  A  great 
deal  of  the  rock  was  of  a  columnar  formation  resembling  basalt, 
the  columns  standing  very  straight  with  an  upward  slope  to  the 
south  of  about  1  horizontal  to  5  vertical.  A  great  deal  of  the 
rock  that  was  suitable  was  retained  in  the  pit  for  use  in  con- 
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Crete.  Several  springs  were  encountered.  They  were  disposed 
of  so  as  to  eliminate  any  pressure  on  the  floor.  Generally  they 
were  piped  into  the  flooding  culverts  and  capped  with  check 
valves.  At  the  entrance  of  the  dry  dock,  underneath  the  sill  of 
the  caisson,  a  water  cut-oflE  was  provided  by  drilling  two  rows  of 
holes,  the  rows  four  feet  apart,  and  holes  6  feet  center  to  center 
in  each  row,  18  feet  deep,  extending  from  a  line  of  similar  holes 
under  the  entrance  pier  wall  on  the  north  side,  to  the  Unloader 
Wharf  bank  on  the  south  side.  Grout  was  forced  into  these 
holes  under  a  pressure  of  80  lbs.  per  square  inch.  A  line  of 
similar  holes  was  drilled  and  grouted  under  the  miter  gate  silL 
The  average  amount  of  grout  forced  into  the  rock  was  229  cubic 
inches  per  hole. 

Concrete  Plant : 

The  first  concrete  was  placed  on  August  17,  1914.    The  main 

mixing  plant  consisted  of  four  %-yard  cube  mixers  set  on  top 

of  the  bank,  arranged  in  two  batteries.    Each  battery  discharged 

through  a  chute  into  an  elevated  hopper  on  the  dry  dock  floor, 

which  led  directly  into  2-yard  bottom-dumping  buckets  on  3-foot 

gauge  flat  cars,  handled  by  steam  locomotives.  .  Locomotive 

cranes  with  75-foot  booms  handled  the  buckets  from  the  cars  and 

dumped  the  concrete  into  the  forms.    The  mixers  were  filled  by 

wheelbarrows  from  the  storage  pile,  which  was  replenished  by 

dumping  cars  from  a  raised  track.    The  cement  was  delivered  in 

bags  in  cars  convenient  to  the  mixers.    When  the  wall  in  front 

of  this  plant  was  brought  up  within  12  feet  of  final  elevation  the 

plant  was  moved  out  to  the  edge  of  the  wall,  the  mixers  being 

dropped  down  on  it.    In  order  to  obtain  the  benefit  of  continuous 

mixing,  the  mixing  plants  were  customarily  run  continuously  8 

hours  per  day,  except  for  15  minutes  intermission  for  lunch.  The 

labor  cost  alone  of  mixing,  including  direct  supervision,  averaged 

18  cents  per  yard.    One  month's  cost  was  as  low  as  12  cents  per 

yard. 

Method  of  Placing: 

Sixty  feet  was  adopted  as  the  maximum  length  of  the  mono- 
liths, and  the  concrete  in  general  was  laid  in  blocks  measuring  60 
feet  long,  the  full  width  of  the  wall,  and  4  feet  high.  The  walls, 
therefore,  consist  of  60  feet  monoliths,  carried  up  from  bottom 
to  top  in  four-foot  blocks.     Generally  not  less  than  36  hours 
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elapsed  between  the  pouring  of  successive  blocks  of  a  monolith. 
Water-tight  joints  between  adjacent  monoliths  were  secured  by 
leaving  a  square  key  measuring  3  feet  on  a  side  diagonally  be- 
tween adjoining  monoliths.  These  keyways  extended  from  the 
floor  level  to  the  top.  At  the  bottom,  a  horizontal  key  four  feet 
high  by  four  feet  three  inches  wide  was  carried  out  to  the  face  of 
the  wall.  A  continuous  strip  of  yellow  metal  as  a  water  stop  was 
carried  up  in  opposite  comers  of  the  keyways.  These  water 
stops  project  about  2^  in.  into  the  monoliths  and  the  same 


TU-  <-     Mixing  Plut  an  SoDth  WiU  af  Dry  Dock  Ko.  1,  Bilboa  TdBlntU. 

amount  into  the  keys  with  a  fold  or  lap  to  prevent  breaking  from 
the  shrinkage  of  concrete.   These  keyways  before  being  filled 
with  concrete  were  used  to  carry  the  permanent  compressed  air 
and  water  piping  down  to  the  floor  of  the  dock. 
Forms: 

In  general  the  forms  were  made  of  yg-'n-  matched  lumber, 
surfaced  on  both  sides,  made  up  in  panels  15  feet  long  by  4  ft. 
9  in.  high,  with  vertical  posts  spaced  30  inches.     These  poets 
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were  composed  of  two  pieces  of  2-  by  8-in.  rough  lumber.  The 
forms  were  held  on  the  wall  by  bolts  with  anchor  nuts  imbedded 
in  concrete,  9  inches  from  the  top  of  each  lift  and  18  inches 
from  the  face  of  the  wall.  Fifteen-foot  sections  of  forms  were 
easily  handled  by  laborers  without  a  crane.  The  4  ft.  9  in. 
height  gives  a  four-foot  lift  for  the  concrete  with  a  9-in.  lap 
over  the  concrete  below.  The  same  form  was  generally  used  the 
fourteen  times  necessary  in  running  up  from  the  floor  to  the 
coping.  The  same  sections  were  used  many  times  from  floor  to 
coping  on  both  sides.  The  posts  were  stiff  enough  to  hold  the 
four-foot  lifts  without  springing  out  of  line,  and  in  general  the 
dry  dock  walls  are  within  an  inch  of  the  theoretical  lines  at  all 
points.  Up  to  July  1st  about  128,200  cu.  yds.  of  mass  concrete 
and  about  24,700  cu.  yds.  of  reinforced  concrete  had  been  laid. 
The  cost  of  the  mass  concrete,  to  June  1,  including  division  ex- 
pense, plant,  forms,  etc.,  has  been  $3.93  per  yard,  and  for  the 
reinforced  concrete  the  cost  has  been  $5.86  per  yard. 


Mass  concrete  has  in  general  been  mixed  in  the  proportion  of 
1  to  3  to  6,  or  equivalent.  Reinforced  concrete  has  been  mixed 
in  the  proportion  of  1  to  2  to  4,  or  equivalent.  Frequent  tests 
were  made  during  the  progress  of  the  work  to  ascertain  the  per- 
centage of  voids  in  the  aggregate,  and  the  proportion  has  been 
varied  slightly  from  time  to  time  to  secure  the  best  results  as 
regards  strength  and  density.  The  work  was  first  started  with 
Chame  sand  and  No.  1  and  No.  2  Ancon  rock,  the  same  as  used 
on  the  Pacific  locks. 

After  the  closing  down  of  the  Ancon  quarry  in  the  latter 
part  of  1914,  and  also  the  closing  down  of  the  Chame  sand 
service,  Chagres  sand  and  gravel  were  substituted,  and,  when 
it  was  impossible  to  obtain  screened  gravel,  run-of-bank  gravel 
was  used  with  such  an  addition  when  necessary  of  either  sand 
or  Ancon  rock  remaining  in  storage  as  was  necessary  to  obtain 
the  proper  proportion  of  ingredients.  The  ^-yard  mixers  run 
full  gave  0.65  of  a  cubic  yard  of  concrete  in  place  per  batch. 
Wet  concrete  was  used,  avoiding  tamping.  The  mixers  re- 
quired close  watching  to  prevent  the  addition  of  too  much 
water.  Samples  of  the  various  materials  were  submitted  to  the 
Bureau  of  Standards  at  Washington  for  test,  and  following  are 
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the  physical  test  and  granulometric  analyses  of  the  various  ma- 
terials used  in  the  dry  dock  concrete: 

Pliysical  Tests  of  Aggregates. 

Weight  per         Q«^'fl  ^*'  ^^^         ^^  ^'•'** 

Aggregate  cubic  foot  o****^  ®'  Voids  of  Void* 

Pounds  **  Oomputed         Observed 

Cham6  Sand  95.0  2.64  44.4  40.6 

Chagres  Sand  102.0  2.72.  40.0  38.0 

Aneon  Screenings 80.7  2.56  49.5  50.0 

Ancon  Rock  No.  1 82.1  2.50  47.2               

Ancon  Bock  No.  2 82.1  2.50  47.2  45.0 

Chagres  Gravel 

Unscreened   130.5  2.78  24.8  21.7 

Chagres  Gravel 

Screened   113.5  2.81  35.4  33.5 

Graniilometrlc  AnalysiB. 

A^ggregKie  Per  Cent  Passing  Sieves 

Nos.       8  10  14           20          30          40  50  100 

Opening  in  inche8..0.097  .075  .051       .034      .022       .015  0.11  .0055 

Cham6  Sand  99.9  99.6  99.3       96.18     78.83     59.25  46.08  9.30 

Chagres  Biver  Sand  79.5  71.4  60.0      52.1      35.25     22.75  16.33  4.35 

Ancon  Screening....  87.8  70.8  61.3       54.3       44.5       32.9  29.2  18.3 

Per  Cent  Passing  Screens 

Opening  in  inches 3  2  1%  1  %  %  % 

Ancon  Bock  No.  1 96.25     64.0       27.0        2.75       1.0         0  0 

Ancon  Rock  No.  2 100        100  99.0       75.0       59.2       40.5  15.5 

Chagres  Gravel  Unscreened  100         99.25     91.25     78.5       70.0       56.25  38.5 

Chagres  Gravel  Screened....  100  94.75     87.0       65.0       50.75     33.0  12.0 

Surfacing : 

Vertical  surfaces  were  given  no  special  treatment  during 
placing,  other  than  to  work  the  mortar  to  the  face  of  the  forms. 
All  horizontal  surfaces,  including  coping,  altars  and  floor,  were 
covered  to  an  average  depth  of  from  l^^  to  2  inches  with  mortar 
composed  of  cement  and  specially  sifted  sand,  mixed  1  to  2, 
applied  at  the  time  the  concrete  was  placed.  These  surfaces 
were  all  given  a  ** dapple"  finish  in  the  following  manner: 
After  applying  the  mortar  and  thoroughly  rodding  it  until 
the  water  had  been  worked  to  the  surface  and  swept  off  the 
block  with  a  rodding  stick,  the  surface  was  thoroughly  floated 
with  a  wooden  float,  following  which  a  wooden  float  was  used  to 
produce  the  rough  or  dapple  surface  by  placing  the  float  squarely 
on  the  surface,  pressing  it  slightly,  and  lifting  it  directly  up- 
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ward  from  the  surface.  In  this  way  the  cement  surface  adher- 
ing to  the  float  is  slightly  raised  so  as  to  give  the  appearance  of 
chipped  stone.  This  ** dapple"  finish  is  suflSciently  rough  to  pre- 
vent slipping  and  makes  a  very  suitable  and  satisfactory  work- 
ing surface.  The  floor  was  laid  in  blocks,  in  general  12  feet 
wide  by  60  feet  long. 

The  plans  accompanying  this  paper  give  a  general  plan 
of  the  dock  and  show  the  principal  construction  details.  It  is 
expected  the  dock  will  be  ready  for  use  in  April,  1916.  All 
work  on  the  Isthmus  in  connection  with  the  construction  of 
the  dry  dock,  including  the  erection  of  the  miter  gates,  and 
the  installation  of  the  pumping  machinery  and  valves  is  being 
performed  by  the  forces  of  the  Panama  Canal. 
Dry  Dock  No.  2. 

General:  Provision  has  been  made  for  the  construction  of 
a  smaller  dry  dock  designated  as  No.  2,  for  Canal  craft  and  for 
smaller  vessels  in  general,  and  for  an  additional  pier  for  berth- 
ing vessels  under  repair  on  the  north  side  of  this  dock.  The 
excavation  for  this  dry  dock  has  been  completed  and  the  south 
wall  and  the  head  of  the  dock  are  under  construction  as  a  part 
of  the  approach  pier  to  Dry  Dock  No.  1.  All  general  plans, 
including  the  plans  for  the  floating  caisson  by  which  the  end 
of  the  dock  will  be  closed,  have  been  worked  out. 

In  view  of  some  doubt  as  to  the  present  necessity  for  this 
dock,  in  addition  to  Dock  No.  1,  and  of  the  desire  to  hold  the 
funds  which  would  be  required  for  its  completion  in  reserve, 
further  work  is  not  contemplated  at  the  present  time. 

Principal  Dimensions. 

Width  at  entrance 72  feet,  fuU  height 

Width  on  floor  in  body  of  dock 75  '* 

Width  at  coping  level  in  body  of  dock 92  *' 

Elevation  of  siU  and  floor,  referred  to 

mean  sea  level —22.83  *' 

Length   on  center  line,  head   to  caisson 

siU   366  " 

All  work  in  connection  with  the  design  and  construction 
of  the  dry  docks  was  performed  by  the  Division  of  Terminal 
Construction.  Civil  Engineer  F.  H.  Cooke,  U.  S.  N.,  Assoc.  M. 
Am.  Soc.  C.  E.,  as  designing  engineer,  was  in  immediate  charge 
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of  the  investigations,  calculations,  design,  and  preparation  of 
working  drawings ;  assisted  by  Assistant  Engineer  A.  R.  Brown 
and  a  force  of  draftsmen.  Mr.  Henry  Goldmark,  M.  Am.  Soc. 
C.  E.,  assisted  in  the  adaptation  of  the  design  of  the  Canal 
lock  gates,  of  which  he  was  the  designer,  for  use  on  Dry  Dock 
No.  1.  The  construction  work  was  performed  under  General 
Superintendent  J.  A.  Walker,  assisted  by  Mr.  H.  D.  Hinman, 
Assoc.  M.  Am.  Soc.  C.  E.,  as  Assistant  Engineer,  who  was  also 
in  immediate  charge  of  field  engineering  and  inspection  work 
connected  with  the  dry  docks.  All  of  the  foregoing  reported 
directly  to  the  writer  as  Engineer  of  Terminal  Construction. 

WHARVES  AND  PIERS. 

Water  front  improvements  in  the  way  of  permanent 
wharves  and  piers  authorized  to  date  comprise  the  following, 
with  total  length  of  berthing  space  approximately  as  stated : 

Orlstobal. 

Lineal  Feet 

Commercial  Pier  No.  7 2450 

Commercial  Pier  No.  8 2368 

Commercial  Dock  No.     9 1150 

Commercial  Dock  No.  10 423 

CoaUng  Pier  No.   16 2588 

Total    8979 

In  addition,  there  is  a  small-boat  landing  between  Piers 
8  and  9,  410  feet  long.  Wooden  wharves  and  Piers  Nos.  2,  3 
and  4,  Colon,  and  11,  13  and  14,  Cristobal,  will  be  removed 
within  the  next  31/^  years. 

Balboa. 

Lineal  Feet 

Reloading  Coal  Dock  No.  6 745 

Unloading  Coal  Dock  No.  7 1052 

Entrance  Dock  No.  9 349 

Repair  Dock  No.  13 290 

Repair  Dock  No.  14. 775 

Commercial  Dock  No.    15 1146 

Commercial  Dock   No.   16 742 

Commercial  Pier  No.  18 2201 

Total    7300 
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In  addition  to  the  above  are  the  following : 

Lineal  Feet 

Quarantine  Landings  Dock  No.  1 36 

Oil  Crib  «*C'^  Dock  No.   2,  having  a  berthing  length 

of  about  600 

Old  French  Pier,  Dock  No.  4 1109 

Small-boat  landings  Nob.  5,  8,  17  and  19,  having  a  com- 
bined length  of  about 838 

Total   2583 

At  Cristobal  there  is  an  available  depth  of  water  of  41 
feet,  referred  to  mean  sea-level,  in  front  of  all  docks.  The 
elevation  of  the  wharves  above  mean  sea-level  varies  from  10.2 
to  11.5  feet.    The  average  tidal  range  is  11  inches. 

At  Balboa  the  depth  of  water  in  front  of  all  wharves  and 
piers  is  45  feet,  referred  to  mean  sea-level,  or  37.4  referred  to 
mean  low  water,  ordinary  spring  tides.  The  elevation  of  the 
deck  of  the  wharves  above  mean  sea-level  varies  from  16.5  to 
17  feet. 

Character  of  Oround. 

At  Cristobal,  the  hard  bottom,  consisting  generally  of  soft 
argillaceous  sandstone,  is  found  at  depths  from  approximately 
30  to  125  feet  below  mean  sea  level.  Overlying  the  rock  are 
strata  of  coral,  coral  sand,  quicksand,  clay,  and  mud,  all  of 
unreliable  character.  In  all  cases,  therefore,  foundations  have 
been  carried  to  hard  bottom. 

At  Balboa,  hard  bottom  consisting  of  rock,  both  hard  an- 
desite,  and  softer,  partially  decomposed  rock  and  argillaceous 
sandstone,  is  found  at  elevations  varying  from  about  30  feet 
to  92  feet  below  sea  level,  with  overlying  strata  of  soft,  black 
mud,  blue  and  yellow  clays,  and  sand,  none  of  which  offer  a 
suitable  foundation  for  support.  It  is  necessary,  therefore,  to 
carry  all  foundations  to  hard  bottom. 
Type  of  Construction. 

The  general  type  of  construction  adopted  was  the  deck  or 
platform  type,  both  for  piers  and  for  quay  walls,  supported 
by  cylinders  of  concrete  that  are  carried  down  to  rock.  In  this 
type  of  quay  wall,  the  material  under  the  deck  is  removed  to 
the  flattest  practicable  slope  to  reduce  lateral  pressure,  and  the 
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structure  is  anchored  by  protected  steel  ties  extending  back 
into  firm  material.  This  type  of  structure,  except  for  piera, 
under  which  aZl  material  has  been  removed  to  full  depth  by 
dredging,  thus  eliminating  the  earth  pressure,  is  not  as  satis- 
factory and  certain  as  the  gravity  type  quay  wall.  The  reasons 
for  its  adoption  have  been  largely  the  necessity  of  obtaining 
as  great  an  amount  of  berthing  space  as  practicable  with  the 
funds  available,  the  great  depth  to  hard  bottom,  the  necessity 
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for  completing  the  water  front  improvements  as  quickly  as 
possible,  and  of  carrying  on  the  construction  with  as  little  in- 
convenience and  disturbance  as  practicable  to  other  adjoining 
work,  and  the  greater  speed  with  which  walls  of  this  type 
could  be  built. 
SnbBtrncture. 

The  first  dock  work  undertaken  was  section  "f-g"  tfor™- 
ing  a  part  of  Dock  15)  at  Balboa.  Mr.  S.  B.  Williamson  de- 
veloped for  it  a  type  of  substructure  consisting  of  concrete 
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shells  in  6  feet  sections^  heavily  reinforced,  having  an  exterior 
diameter  of  8  feet  and  an  interior  diameter  of  6  feet,  the  bot- 
tom section  being  protected  by  a  steel  shoe  flared  out  to  an 
exterior  diameter  of  ten  feet.  Adjacent  sections  are  connected 
by  six  continuous  vertical  rods  with  long,  threaded  nuts  at 
each  joint  to  develop  the  full  strength  of  the  one-inch  rods. 

This  type  of  cylinder  is  adapted  for  use  where  the  surface 
of  the  ground  is  above  water,  or  where  the  site  can  be  coffer- 
dammed.  Difficulties  in  excluding  water  from  the  joints  render 
its  use  inadvisable  in  water. 

The  construction  of  Pier  8  and  Docks  9  and  10  at  Cristobal 
was  authorized  in  1911,  and  Lieut.  Hears,  Chief  Engineer  of 
the  Panama  Bailroad,  developed  a  type  of  substructure  consist- 
ing of  cylindrical  steel  forms,  4  feet  in  diameter  for  Docks  9 
and  10,  and  6  feet  in  diameter  for  Pier  8,  manufactured  in  5-foot 
sections  and  riveted  up  in  as  great  lengths  as  convenient  to 
handle  into  place.  Metal  ^  inch  thick,  with  butt  straps  and 
calked  joints,  was  used.  After  sinking  to  hard  bottom  and 
completing  the  excavation,  the  steel  reinforcement  is  placed, 
and  the  cylinder  is  then  filled  with  concrete. 

The  above  are  the  two  principal  types  of  substructure  that 
have  been  used.  The  following  is  the  number  of  cylinders  used 
in  the  substructure  of  permanent  terminal  works : 

1st.    Concrete  cylinders  with  steel  cylinders  as  forms : 

3  feet  in  diameter 35 

4  feet  in  diameter 416 

6  feet  in  diameter 1047 

8  feet  in  diameter 8 

Total   1506 

2nd.  Concrete  cylinders  with  reinforced  concrete  shells  as 
forms: 

8  feet  in  diameter 41 

7  feet  6  inches  in  diameter 407 

Total   448 

About  77%  of  the  cylinders  used  in  the  substructure  were 
built  with  steel  forms. 


406         TEBMI!«AL  WORKS,  DBY  DOCKS  AND  WHARVES 

Superstructure, 

Two  types  of  eonstruction  were  used  for  the  deck. 

Ist.     Reinforced    concrete    longitudinal    and    transverse 
girders. 


ng.  S.     BklbM  Taminil.    Sinking  ConcrMa  Ciluon  Ttmagli  I^ar  of  Soft  Kock. 

2nd.  structural  steel  longitudinal  and  transverse  girders, 
encased  in  concrete  for  protection  against  corrosion.  A  rein- 
forced concrete  slab  was  used  for  the  deck  of  all  structures. 
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Special  Types. 

In  addition  to  the  above  types  of  construction  there  are, 
at  Balboa,  Dock  7,  Unloader  "Wharf,  and  Dock  9,  Entrance 
Pier,  which  were  constructed  inside  of  the  cofferdam  in  the 
dry.  Both  of  these  docks  have  structural  steel  girders  with  a 
reinforced  concrete  slab.  The  substructure  of  the  Unloader 
Wharf,  Dock  7,  consists  of  concrete  piers  6  and  8  feet  thick, 
spaced  25  feet  center  to  center.  The  substructure  of  Dock  9 
consists  of  a  continuous  back  wall,  which  forms  the  south  wall 


FIc.  B.     Vl«r  Alans  I< 

of  Dry  Dock  No.  2,  with  two  rows  of  reinforced  concrete  piera 
4  ft.  6  in.  square  in  front  of  same. 
WearinfT  Surface; 

Vitrified  brick,  laid  on  edge  on  a  sand  cushion,  has  been 
provided  for  the  decks  of  all  docks  and  piers,  with  the  follow- 
ing exceptions:  On  Docks  17  and  19,  Balboa,  the  bricks  are 
laid  fiat.  On  the  coaling  docks  at  each  terminal  and  on  the 
Entrance  Pier,  Dock  9,  where  the  service  on  the  deck  will  be 
less  severe,  a  two-inch  concrete  pavement  with  "dapple  finish"" 
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placed  simultaneously  with  the  floor  slab  has  been  provided, 
similar  to  the  finish  of  the  dry  dock  floor.  The  first  structure 
built,  viz.,  wharf  *'f-g"  at  Balboa,  was  covered  with  a  mortar 
finish,  but  this  has  not  stood  up  as  well  as  desired  under  the 
heavy  trucking  service  connected  with  transferring  cargo  to 
and  from  ships. 

Sheds. 

At  Cristobal  the  permanent  docks  and  piers,  except  Coal- 
ing Pier  16,  are  shedded.  The  sheds  consist  of  structural  steel 
framework,  with  6-inch  concrete  side  and  end  walls.  For  the 
most  part  these  walls  have  been  reinforced.  For  more  com- 
plete protection  against  fire  and  corrosion,  aU  structural  mem- 
bers of  roof  trusses  of  Docks  9  and  10  have  been  completely 
encased  in  concrete.  This  work  was  performed  by  contract, 
and  was  slow  and  expensive.  The  roof  trusses  of  the  other 
sheds  have  been  painted  and  sanded.  For  Pier  8  and  Docks  9 
and  10,  the  roof  slab,  sloping  %  in.  to  one  foot,  is  of  reinforced 
concrete  three  inches  thick  with  a  %-in.  mortar  finish.  At  in- 
tervals of  120  feet,  that  is,  over  every  fourth  truss,  an  expan- 
sion joint  is  located,  formed  by  a  *'V' '-shaped  strip  of  No.  20 
gauge  copper.  It  has  required  some  attention  to  keep  these 
roofs  entirely  tight.  The  roof  of  Pier  No.  7  shed  is  to  be  cov- 
ered with  reinforced  concrete  ** Bonanza*'  tile. 

At  Balboa,  the  only  shed  authorized  to  date  is  for  Pier  18. 
It  is  of  the  same  general  type  as  the  Cristobal  sheds,  with  a 
"Bonanza"  tile  roof.  All  door  openings  are  closed  by  steel 
doors,  either  of  the  rolling  or  lifting  type.  The  Panama  Rail- 
road has  constructed  a  temporary  open  wooden  shed  with  cor- 
rugated iron  roof  over  its  commercial  wharf  **f-g''  (Dock  15). 
There  is  also  a  steel  shed  with  corrugated  iron  roof  over  the 
old  French  pier,  Dock  4,  at  Balboa. 

General  Comparison  of  Costs. 

In  order  to  present  a  comparative  statement  of  costs  of 
the  docks  and  piers  of  different  types,  a  general  data  sheet, 
Plate  IX,  has  been  prepared.  For  work  remaining  uncom- 
pleted, estimated  costs  have  been  used  which  are  subject  to 
revision. 

In  using  the  information  in  this  table,  due  weight  should 


TERMINAL  WORKS,  DRY  DOCKS  AND  WHARVES  409 

be  given  to  the  differences  in  cost  not  resulting  from  differ- 
ences in  type,  but  from  such  factors  as  working  conditions, 
personnel,  interference  caused  by  other  work  in  the  vicinity, 
character  of  material  encountered,  range  of  tides,  and  from 
the  different  amounts  of  overtime  necessary  to  complete  the 
work  when  needed.  There  has  also  been  considerable  varia- 
tion in  prices  for  material  dealt  with  generally,  such  as  struc- 
tural steel,  sand,  gravel,  broken  stone,  cement,  etc. 

In  connection  with  this  table,  typical  cross-sections  of  the 
docks  have  been  prepared  and  are  shown  on  Plates  X,  XI  and  XII. 

Cargo  HaTidling  Appliances. 

Considerable  consideration  has  been  given  to  the  question 
of  the  extent  and  character  of  power  appliances  for  handling 
cargo  to  and  from  vessels,  with  which  the  permanent  docks 
shall  be  equipped.  The  docks  were  designed,  and  construction 
was  well  under  way,  before  the  Canal  was  open  for  use.  There 
was  considerable  difference  of  opinion  as  to  the  amount  and 
character  of  cargo  which  would  break  bulk  at  the  terminals 
after  operating  conditions  had  become  normal.  It  was  thought 
preferable,  therefore,  rather  than  to  furnish  an  expensive  cargo 
handling  outfit  which  might  not  be  required,  or  which  might 
be  unsuitable  for  the  material  to  be  handled,  to  omit  any  special 
equipment  other  than  the  following: 

At  Cristobal,  where  the  tidal  variation  is  approximately 
one  foot,  elevated  columns  supporting  a  line  of  overhead  longi- 
tudinal girders  have  been  supplied  for  Pier  8,  and  Docks  9  and 
10.  These  afford,  in  addition  to  the  ships'  cargo  booms,  facili- 
ties that  have  proved  sufficient  and  satisfactory.  For  Pier  7, 
this  construction  is  varied,  as  shown  on  cross-section,  but  ac- 
complishes the  same  purpose. 

At  Balboa  the  extreme  range  of  tides  of  21.8  feet  renders 
it  impossible  for  the  average  West  Coast  vessel  to  work  its 
cargo,  at  some  stages  of  the  tide,  owing  to  the  insufficient 
length  of  cargo  booms.  This  led  to  the  old  French  pier  being 
equipped  by  the  Panama  Bailroad  with  its  present  outfit  of 
twelve  4-ton  electric  cranes  of  the  horizontal  transporter  type, 
and  one  pillar  crane  of  20  tons  capacity.  The  shed  of  Pier  18 
at  Balboa  is  provided  with  elevated  columns  along  each  side, 
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supporting  a  line  of  elevated  longitudinal  girders.    At  alter- 
nate columns,  provision  is  also  being  made  for  the  attachment 
of  65-foot  booms  on  brackets  27.5  feet  above  the  floor,  having 
a  capacity  of  three  tons  and  operated  by  electric  winches. 
Tracks. 

In  general,  the  docks  have  been  provided  with  apron  tracks 
of  standard  gauge  a  few  feet  from  the  water  front,  and  be- 
tween the  water  front  and  the  pier  sheds.  Pier  8  at  Cristobal 
has  been  built  with  two  depressed  tracks  through  its  center, 
and  Docks  9  and  10  have  two  depressed  tracks  in  the  rear, 
under  cover.  As  it  is  expected  to  use  the  pier  sheds  largely  for 
storage,  tracks  have  been  omitted  inside  of  the  sheds  of  Pier 
7  at  Cristobal  and  Pier  18  at  Balboa.  Special  tracks  have  been 
provided  on  the  coal  docks  for  the  coal  handling  machinery 
and  on  Docks  9  and  13  at  Balboa  for  the  50-ton  locomotive  drv 
dock  crane. 

Loads: 

The  standard  live  load  that  has  been  adopted  for  the  docks 
and  piers  is  750  pounds  per  square  foot.  For  the  tracks  the 
heaviest  P.R.R.  locomotive  has  been  used  with  50%  additional 
for  impact,  or  a  25-ton  locomotive  crane  with  25%  impact. 
Some  of  the  earlier  docks  were  designed  for  less  load.  Live 
loads  consisting  of  heavy  cargo  have  been  measured  on  the 
Isthmus  that  have  amounted  to  from  1000  lbs.  to  1050  lbs.  per 
square  foot.  The  coaling  plant  docks  and  piers  have  been  de- 
signed for  especially  heavy  loading,  resulting  from  the  un- 
loader  and  reloader  towers  and  the  stocking  and  reclaiming 
bridges.  Docks  9  and  13  at  Balboa  have  been  designed  for  a 
50-ton  locomotive  dry  dock  crane.  A  portion  of  the  repair 
dock  No.  14,  Balboa,  in  front  of  the  shops,  has  been  designed 
for  1000  lbs.  per  square  foot. 

Specifications : 

The  Panama  Canal  standard  specifications  have  been  used 
so  far  as  applicable.  The  specifications  for  steel  are  the  stan- 
dard specifications  of  the  American  Society  for  Testing  Ma 
terials.  Structural  steel  is  limited  to  open-hearth  steel.  The 
unit  stresses  used  as  prescribed  by  standard  specification  No. 
254  of  The  Panama  Canal  are  based  on  a  factor  of  safety  of  4 
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and  limit  tensile  stresses  to  16,000  lbs.  per  square  inch  and 
compressive  stresses  to  16,000-70  1/r. 

For  reinforced  concrete  the  Panama  Canal  standard  speci- 
fications No.  908  were  used.  These  specifications  in  general 
follow  the  last  report  and  recommendations  of  the  American 
Engineering  Societies'  Joint  Committee  on  Concrete  and  Re- 
inforced Concrete,  with  certain  limitations,  among  them  the 
following  : 

*'2.  Protection  Against  Salt- Water  Corrosion.  For  structures  sub- 
jected to  salt  water,  salt  air,  or  spray  the  surface  of  slab  reinforcement 
shall  be  protected  bj  at  least  1%  in.,  beam  reinforcement  2  in.,  and  girder 
and  column  reinforcement  2^  in.  of  concrete. 

"3.  Reinforcement.  Beinforcing  steel  shall  be  in  accordance  with 
I.C.C.  Specifications  No.  272. 

''4.  Allowable  Stress  in  Steel.  The  allowable  stress  in  steel  under 
working  loads  shall  not  exceed  16,000  pounds  per  square  inch,  and  no  less 
value  shall  be  used  unless  economical  or  constructional  reasons  therefor  can 
be  shown,  or  as  hereinafter  specified." 

The  allowed  bearing  pressure  per  square  inch  of  cylinders 
on  the  supporting  rock  depended  upon  the  character  and  hard- 
ness of  the  rock,  and  other  conditions.  In  general  it  was  limited 
to  150  lbs.  per  square  inch,  with  a  maximum  of  250  lbs.  per 
square  inch.  The  bottoms  of  the  cylinders  were  given  a  suf- 
ficient flare,  if  necessary,  to  accomplish  this. 
Assumptions  for  Calculations  : 

For  the  reinforced  concrete  deck,  the  slab  has  been  con- 
sidered in  general  semi-continuous  over  supports.  The  longitu- 
dinal beams  have  been  considered  as  continuous  over  supports 
with  the  slab  acting  as  the  compression  flange.  Cross  girders 
were  considered  as  continuous.  Moments  and  shears  were  de- 
termined by  influence  lines.  The  center  to  center  length  was 
used  as  the  effective  length. 

For  the  decks  having  longitudinal  and  cross  girders  of 
structural  steel,  the  strengthening  effect  of  the  concrete  casing 
was  disregarded.  The  longitudinal  girders  were  in  general  de- 
signed as  non-continuous.  In  Pier  No.  8  and  Docks  9  and  10 
at  Cristobal  all  steel  girders  were  designed  as  non-continuous, 
with  effective  length  for  all  girders  meeting  cylinders,  equal 
to  distance  between  outer  edge  of  cylinders,  and  for  other 
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girders    an    effective   length   equal   to    center   to   center    of 
supports. 

In  the  coaling  pier,  No.  16,  Cristobal,  and  No.  6  at  Balboa, 
the  cross  girders  were  designed  as  continuous  vnth  effective 
length  equal  to  center  to  center  distance.  For  Pier  No.  7  in 
Cristobal,  under  construction,  all  main  girders,  both  transverse 
and  longitudinal,  are  considered  continuous  over  supports. 

For  all  docks  and  piers,  the  concrete  and  reinforcement  in 
the  cylinders  has  been  extended  up  to  envelope  the  entire  sec- 
tion of  the  main  girders,  so  as  to  produce  a  condition  of  fixed 
supports.  The  deflection  of  any  girder  over  a  cylinder,  there- 
fore, results  in  a  deflection  of  the  supporting  cylinders.  For 
Pier  No.  7,  Cristobal,  a  graphical  method  of  determining  the 
stresses  in  both  girders  and  cylinders  was  employed,  using 
moduli  of  elasticity  of  30,000,000  pounds  per  square  inch  for 
steel  and  2,000,000  pounds  per  square  inch  for  concrete.  As 
a  safeguard,  and  for  purposes  of  comparison,  the  stresses  in  the 
girders  of  Pier  No.  7  were  also  calculated  with  the  assumption 
of  free  supports.  This  assumption  was  found  to  give  greater 
stresses  except  over  the  end  supports  where  the  assumption  of 
rigid  connections  gave  the  larger  stresses.  The  greater  stress 
in  each  case  was  used  in  proportioning  the  girders. 

In  the  reinforced  concrete  shell  and  in  the  steel  form  cylin- 
ders the  filler  concrete  was  reinforced  usually  with  from  4  to  8 
old  70-lb.  rails,  to  provide  for  bending  caused  by  eccentric  load- 
ing and  pressure  of  the  back  fill.  The  allowed  compressive 
working  stress  in  the  cylinders  for  concrete  varied  from  360 
to  450  pounds  per  square  inch,  depending  upon  the  character 
of  the  concrete.  The  allowed  stress  in  tension  was  50  pounds 
per  square  inch.  In  the  coal  docks  of  both  terminals  the  bear- 
ing stress  under  girders  runs  as  high  as  1000  lbs.  per  square 
inch,  and  spiral  reinforcement  is  provided. 

Concrete  Blaterials: 

Atlas  Portland  cement  was  used,  as  for  other  Canal  con- 
crete. The  greater  part  of  the  concrete  used  at  Balboa  em- 
ployed Cham6  sand  and  Ancon  rock.  Upon  the  closing  down 
of  Ancon  quarry  and  the  discontinuing  of  the  Chamfi  sand  ser- 
vice, late  in  1914,  recourse  was  had  to  Chagres  River  gravel 
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and  sand.  For  the  work  at  Cristobal,  Chagres  Biver  gravel 
was  used  almost  exclusively.  Id  accordance  with  the  restric- 
tions placed  on  the  use  of  run'Of-bank  gravel  for  reinlorced 
concrete  work,  the  standard  mixture  was  1:2:4;  for  concrete 
filler  in  reinforced  concrete  cylinder  shells  the  mixture  was 
1 :3 :5.  The  filler  used  in  the  cylinders  employing  steel  forms 
was  1 :2  -.i  concrete.  Chagres  Biver  gravel  concrete  weighs 
from  145  to  147  pounds  per  cubic  foot. 


Sinking  of  Cylinders: 

The  same  general  method  was  followed  in  sinking  both 
the  steel  cylinders  and  the  reinforced  concrete  cylinders.  A 
standard  gauge  railroad  track  was  laid  between  two  adjacent 
rows  of  cylinders  so  that  all  cylinders  could  be  served  by  a 
locomotive  crane.  Over  the  water  this  required  a  construction 
trestle,  which  should  be  about  10  feet  above  mean  high  water. 
The  alignment  of  cylinders  driven  in  the  water  is  best  con- 
trolled by  wooden  frames  of  approximately  the  size  of  the 
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cylinder  supported  by  additional  piles,  one  of  these  frames 
being  at  the  track  level  and  one  just  above  the  water  level.  The 
alignment  of  the  cylinders  can  be  easily  controlled  by  driving 
wooden  wedges  between  the  frame  and  the  cylinder.  In  soft 
material  cylinders  were  sunk  to  within  one  inch  of  the  theoreti- 
cal position.  In  harder  material  the  variation  was  sometimes 
from  4  to  6  inches.  In  sinking  the  cylinders,  main  dependence 
was  placed  on  heavy  steam  hammers,  each  mounted  on  a  strong 
wooden  platform  designed  to  distribute  the  blow  of  the  ham- 
mer to  the  cylinder  casing.  Steel  cylinders  were  handled  into 
place  in  as  long  sections  as  practicable,  and  field  connections 
riveted  and  calked.  The  most  satisfactory  results  were  ob- 
tained by  driving  a  steel  cylinder  down  as  far  as  possible  be- 
fore starting  the  excavation.  It  often  could  be  driven  to  hard 
bottom  at  first  driving.  The  sinking  of  the  reinforced  concrete 
cylindrical  shells  was  in  general  more  difficult  than  sinking 
the  steel  cylinders.  To  assist  in  this  sinking,  twenty-six  8-ton 
cast  iron  weights  were  manufactured  from  old  scrap  and  ren- 
dered valuable  service  in  sinking  the  concrete  cylinders,  either 
alone  or  in  connection  with  the  hammer. 

Excavation : 

The  cheapest  excavation  in  the  cylinders  was  performed 
by  locomotive  crane  and  a  small  orange  peel  bucket.  The  gen- 
eral practice  was  to  start  excavation  with  an  orange  peel 
bucket  and  carry  it  as  far  as  it  could  work  economically,  after 
which  the  cylinder  was  pumped  out  and  kept  dry  while  the 
excavation  was  carried  down  by  hand.  Emerson  steam  pumps 
were  largely  used  in  pumping  out  the  cylinders.  Steam  was 
provided  by  some  old  boiler,  or  from  a  locomotive  or  a  loco- 
motive crane.  The  most  satisfactory  handling  of  excavation 
was  by  task  work.  The  Panama  Canal  provided  all  tools,  in- 
cluding a  well  drill  operated  by  air  or  steam  to  raise  the 
material  in  small  buckets. 

The  established  rates  were  $1  per  cubic  yard  for  excavat- 
ing material  not  requiring  blasting,  and  $2  per  yard  for  hard 
rock.  The  men  usually  worked  in  gangs  of  three  and  spelled 
each  other,  one  or  two  men  being  in  a  cylinder  at  one  time. 
This  method  gave  cheaper  and  quicker  results  than  any  other^ 
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and  picked  colored  laborers  accomplished  as  much  as  men  of 
any  other  nationality  could  have  performed.  At  these  rates, 
the  pay  of  some  of  the  laborers  would  average  as  high  as  $2.50 
(U.  S.  C.)  per  working  day  for  an  entire  month.  As  the  depths 
grew  greater,  the  difSculties  increased,  especially  in  some  ma- 
terials as  regards  keeping  the  holes  dry  and  keeping  the  cylin- 
ders true  to  line  and  shape.  With  steel  cylinders  %  in.  thick 
little  or  no  difficulty  was  experienced  from  deformation  of  the 
shells.  Later  on,  using  steel  cylinders  %  in.  thick,  a  number 
of  them  gave  some  trouble  by  collapsing  near  the  bottom  in 
sinking,  due  either  to  striking  a  boulder  or  other  obstruction 
or  by  the  great  pressure,  or  both.  Prom  this  experience,  a 
rough  rule  was  formulated,  to  use  for  6-foot  cylinders,  %-in. 
metal  for  depths  not  over  60  to  75  feet ;  ^-in.  metal  for  depths 
between  75  and  100  feet ;  and  %-in.  metal  for  all  casing  driven 
below  the  100-foot  elevation.  Excavation  in  cylinders  was 
carried  down  to  125-foot  depths  at  Cristobal.  When  a  cylinder, 
which  had  not  reached  hard  bottom,  could  not  be  driven  further, 
which  sometimes  occurred  within  5  to  15  feet  from  rock,  the 
general  plan  followed  was  to  drive  a  smaller  cylinder  inside 
of  it  down  to  hard  rock.  When,  during  excavating,  any  ten- 
dency was  noticed  for  the  cylinder  to  distort,  bracing  was  used 
to  prevent  further  movement  and  the  cylinder  was  completed 
as  quickly  as  possible.  In  sinking  the  cylinders,  pockets  of 
noxious  gas  were  often  encountered,  and  in  one  or  two  in- 
stances the  colored  laborers  were  overcome  before  they  could 
be  removed,  and  could  not  be  revived. 

A  number  of  variations  in  the  type  of  steel  cylinder  forms 
and  manner  of  using  them  were  worked  out  during  the  progress 
of  construction,  such  as  the  use  of  removable  forms  above  the 
mud  line  under  water.  These  removable  forms  were  con- 
structed in  5-foot  sections,  each  section  being  built  up  of  two 
halves  bolted  together,  with  rubber,  hemp  or  canvas  gaskets 
between  the  outstanding  flanges  of  the  connecting  angles.  The 
bolt  holes  about  6  in.  apart  were  slotted  so  that  the  bolts  could 
be  more  easily  removed  under  water.  In  practice  it  was  found 
necessary  to  use  bolts  in  not  more  than  every  second  or  third 
slot. 
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After  filling  with  concrete,  the  steel  forms  were  removed 
by  8  colored  diver  working  in  an  air  bell  consisting  of  either 
a  specially  constructed  metal  compartment  with  a  working 
platform  below  on  which  he  would  stand,  equipped  with  electric 
light,  and  air  connection;  or,  more  commonly,  merely  an  in- 
verted old  metal  bucket  let  down  by  a  rope  with  an  air  hose 
under  the  side.  These  colored  divers  were  paid  25  cents  per 
hour  and  would  stay  under  water  an  hour  at  a  time.    They  did 


Fig.  11.     Oalnon  Fonndktlaiii  foi  OrlMobil  Ooillng  SUUni. 

very  efficient  and  economical  work.  These  removable  sections 
were  used  over  and  over  again.  For  any  future  work  these 
recoverable  5-foot  sections  would  be  made  in  one  piece  instead 
of  in  halves,  with  the  steel  form  bent  so  that  when  unbolted  it 
would  spring  open  two  or  three  inches.  This  would  save  the 
labor  of  bolting  and  unbolting  along  one  side. 


After  Saring  out  the  excavation  at  the  bottom  to  the  re- 
quired amount  to  reduce  the  bearing,  cleaning  up  the  hole,  and 
making  a  final  inspection,  the  cylinder  was  allowed  to  fill  with 
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water  to  relieve  the  pressure  to  an  amount  depending  upon  con- 
ditions, and  sealed  by  filling  to  a  height  of  4  to  5  feet  with  rich 
concrete  by  means  of  a  bottom-dumping  bucket.  Within  three 
days  the  cylinder  could  be  pumped  out.  Very  few  instances 
occurred  of  the  bottom  blowing  up  and  requiring  re-sealing. 

Placing  Reinforcement  and  Ooncrete: 

Reinforcement,  consisting  generally  of  from  4  to  8  vertical 
70-lb.  old  *'T''  rails,  was  placed  by  locomotive  crane.  The  hoop 
reinforcing  steel  was  bent  by  compressed  air  at  the  site  and 
made  up  in  sections,  usually  by  task  work.  Small  concrete 
spacing  blocks  separated  the  reinforcing  steel  from  the  steel 
cylinder  the  desired  distance.  The  cylinders  were  filled  with 
a  concrete  mixing  plant  consisting  of  a  V^-yard  cube  mixer 
operated  by  steam,  mounted  on  a  car,  and  discharging  directly 
into  the  cylinder.  The  mixer  was  supplied  with  aggregate 
either  by  wheelbarrows  or  through  a  hopper  filled  by  a  loco- 
motive crane  operating  an  orange  peel  bucket. 

Plant: 

It  was  not  necessary  to  purchase  any  new  plant  for  any 
of  this  dock  work.  Old  plant  released  from  Canal  construction 
work  was  transferred  to  this  work  from  time  to  time,  and  the 
dock  work  absorbed  its  share  of  the  plant  cost. 

Organisation. 

All  of  this  dock  work  was  performed  on  the  Isthmus  by  the 
forces  of  The  Panama  Canal  or  the  Panama  Railroad,  except 
the  erection  of  certain  steel  work,  doors,  etc.,  and  the  furnish- 
ing of  the  concrete  for  Dock  Shed  No.  9  at  Cristobal,  which  was 
done  by  contract.  Piers  7  and  8,  and  Docks  9  and  10,  Cristobal, 
were  built  and  paid  for  by  the  Panama  Railroad,  and  Coaling 
Pier  16  by  The  Panama  Canal.  Lieut.  F.  Hears,  U.  S.  A.,  M. 
Am.  Soc.  C.  E.,  Chief  Engineer  of  the  Panama  Railroad,  de- 
signed and  constructed  Pier  8  and  Docks  9  and  10.  Mr.  T.  B. 
Monniche,  M.  Am.  Soc.  C.  E.,  as  Engineer  of  Docks,  Panama 
Railroad,  designed  and  constructed  Pier  7  at  Cristobal,  report- 
ing directly  to  the  writer. 

Coaling  Pier  16  is  being  built  by  the  Division  of  Terminal 
Construction,  Civil  Engineer  F.  H.  Cooke,  U.  S.  N.,  Assoc.  M. 
Am.  Soc.  C.  E.,  being  in  charge  of  the  design,  and  Superintend- 
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ent  W.  G.  Thompson,  Assoc.  M.  Am.  Soc.  C.  E.,  in  charge  of 
construction,  both  reporting  directly  to  the  writer. 

At  Balboa  650  feet  of  Dock  15  (designated  as  wharf  **f-g'') 
was  designed  and  constructed  (1910-1912)  by  Mr.  S.  B.  Wil- 
liamson, M.  Am.  Soc.  C.  E.,  as  Division  Engineer,  Pacific  Di- 
vision. This  dock  was  paid  for  by  the  Panama  Railroad.  Mr. 
Williamson  also  designed  the  remainder  of  Dock  15,  496  feet, 
and  Dock  16,  742  feet,  and  started  construction  work  on  the 
former.  Together  these  docks,  1238  feet  in  length,  have  been 
known  as  **g-h-i''.  Mr.  Williamson  also  made  the  general  de- 
sign of  Pier  18  and  of  small-boat  landings — ^Docks  17  and  19. 
Upon  Mr.  Williamson's  return  to  the  United  States  in  Decem- 
ber, 1912,  the  completion  of  the  above  mentioned  work  was 
transferred  to  the  Division  of  Terminal  Construction,  and  has 
since  been  carried  on  with  Mr.  W.  Rowland,  Assoc.  M.  Am.  Soc. 
C.  E.,  as  Assistant  Engineer  in  charge  of  designing  and  draft- 
ing, General  Superintendent  J.  A.  Walker  in  charge  of  the  con- 
struction, and  Assistant  Engineer  H.  D.  Hinman,  Assoc.  M.  Am. 
Soc.  C.  E.,  in  charge  of  field  engineering  and  inspection,  as  well 
as  assistant  on  construction  work,  all  reporting  directly  to  the 
writer.  Messrs.  Walker,  Hinman  and  Rowland  have  also  been 
in  charge  of  similar  work  connected  with  the  design  and  con- 
struction by  the  Division  of  Terminal  Construction  of  Docks 
1,  2,  6,  7,  13  (**d.e'')  and  14  C'e-V). 

BREAKWATERS. 

Naofi  Island  Breakwater. 

The  mud  flats  lying  to  the  southeast  of  Sosa  Hill  oflEered  a 
convenient  place  for  the  economical  wasting  of  spoil  from 
Culebra  Cut,  which  led  to  the  establishment  of  Balboa  dump  in 
1907.  In  1908  it  was  decided  to  connect  this  dump  with  Naos 
Island  by  a  dike  or  breakwater,  using  spoil  from  Culebra  Cut 
with  slopes  faced  with  selected  hard  stone,  in  order  to  protect 
the  dredged  channel  from  deterioration  caused  by  silt-bearing 
tidal  currents  that  swept  from  northeast  to  southwest  across 
the  channel.  This  silt  was  then  estimated  to  amount  to  over 
one-half  million  yards  per  annum,  and  it  was  considered  that  the 
construction  of  this  breakwater  might  lessen  maintenance  costs 
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by  as  much  as  $50,000  a  year.  As  originally  constructed  this 
breakwater  required  the  driving  of  a  trestle  a  little  over  three 
miles  long,  from  the  main  land  to  Naos  Island.  The  lateral  ex- 
tension of  the  fill  has  merged  all  but  6500  feet  of  the  original 
breakwater  into  Balboa  dump.  The  cost  of  the  trestle,  and  the 
difference  between  the  cost  of  dumping  material  from  the  trestle 
and  what  it  would  have  cost  to  waste  it  on  Balboa  dump,  were 
the  only  charges  made  against  the  breakwater.  Dry  excavation 
in  Culebra  Cut  terminated  in  1913,  after  which  it  became  neces- 
sary to  excavate  a  small  amount  of  rock  from  Sosa  Hill  to  com- 
plete the  breakwater  fill  and  the  protection  of  its  slopes.  Mate- 
rial from  the  dry  dock  excavation  was  also  used.  A  single  track 
trestle  was  started  in  1908,  and  carried  out  to  within  about  2700 
feet  of  Naos  Island  in  September,  1911,  from  which  point,  on 
account  of  the  depth  of  the  soft  mud,  in  some  places  amounting 
to  100  feet,  and  the  resulting  difficulties  owing  to  the  settlement 
of  the  material  and  failure  of  the  trestle,  a  double  track  trestle 
was  driven  for  the  remaining  distance.  The  trestle  connection 
with  Naos  Island  was  completed  in  1912,  and  the  breakwater 
was  completed  in  September,  1914.  The  total  amount  of  ma- 
terial placed  in  the  breakwater  has  been  2,138,404  yards,  and 
the  cost  charged  to  the  breakwater  is  $789,600.  The  breakwater 
has  a  width  on  top  at  elevation  plus  18  feet  of  40  feet,  with 
natural  slopes  about  1  to  1  down  to  the  mud  line  (Fig.  12), 
and  affords  communication  between  the  Island  and  the  main- 
land by  means  of  a  single  standard-gauge  track,  an  eighteen- 
foot  highway,  together  with  water  mains,  electric  cables  and 
telephone  lines. 

The  breakwater  was  designed  and  constructed  by  the  Cen- 
tral Division,  Colonel  D.  D.  Gaillard,  Division  Engineer,  until 
the  Central  Division  was  abolished  in  October,  1913,  after 
which  the  work  was  carried  on  directly  under  the  supervision 
of  Major  General  Geo.  W.  Goethals,  as  Chairman  and  Chief  En- 
gineer, until  January  1,  1914.  From  that  date  the  work  was 
carried  on  to  completion  by  the  Division  of  Terminal  Con- 
struction. 

The  construction  of  a  dike  of  earth  and  rock  connecting 
Naos,  Perico  and  Flamenco  Islands,  by  the  Division  of  Fortifica- 
tions, effected  an  extension  of  the  Naos  Island  breakwater,  and 
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makes  its  effective  length,  measured  from  the  old  shore  line, 
about  four  and  three-eighths  miles. 

Atiantic  Breakwaters. 

West  Breakwater.  The  west  breakwater  was  authorized 
in  1910,  extending  out  from  Toro  Point  Light  to  within  about 
1,000  feet  of  the  axis  of  the  Canal,  a  straight  length  of  11,378 
feet  with  a  right  angle  **L''  at  the  end  223  feet  long — ^mak- 
ing a  total  center  length  of  11,601  feet.  The  depth  of  water 
at  the  outer  end  is  44  feet.  On  the  sea  side  the  slope  is  1 
on  iy2  to  elevation  — 12  and  1  on  2,  above  elevation  — 12.  On 
the  harbor  side  the  slope  is  1  on  1.4.  The  top  of  the  break- 
water at  elevation  + 10  has  a  width  of  15  feet.  All  ma- 
terial above  elevation  — 12,  and  below  — 12  the  front  face 
for  a  depth  of  12  feet  measured  horizontally,  consists  of  hard 
armor  rock.  The  remainder  is  core  rock.  A  double  track 
trestle  was  built  from  Toro  Point  to  within  600  feet  of  the 
end  of  the  breakwater,  with  a  single  track  trestle  the  re- 
mainder of  the  distance.  The  bottom  was  blanketed  with  hard 
material,  obtained  from  canal  excavation  and  dumped  from 
scows,  in  advance  of  the  driving  of  the  trestle,  to  such  an  ex- 
tent as  was  practicable.  A  harbor  was  dredged  at  Toro  Point, 
a  wharf  constructed  for  loading  plant  and  supplies,  quarters, 
hotel,  ofiSce,  machine  shop,  etc.,  were  constructed.  The  trestle 
was  driven  the  greater  part  of  the  time  with  one  driver.  Two 
70-ton  shovels  excavating  in  the  hills  of  Toro  Point  furnished 
enough  material  to  enable  the  fill  to  be  kept  about  10  feet  below 
sea  level  close  behind  the  pile  driver.  This  fill  protected  the 
trestle,  and  less  than  a  dozen  bents  of  the  trestle  were  lost  from 
storms.  No  unusual  difiSculties  were  encountered  in  the  con- 
struction of  the  trestle.  Piles  85  feet  in  length  were  used, 
spliced  with  45-foot  piles  where  required  to  obtain  the  proper 
bearing.  No  slides  or  heaving  of  the  bottom  which  had  been 
anticipated  occurred.  The  trestle  was  completed  in  December, 
1912.  The  best  month 's  progress  was  728  feet.  The  maximum 
settlement  of  the  trestle  due  to  dumping  was  not  over  three  feet. 
It  was  necessary  to  keep  a  gang  at  work  continually  shimming 
up  the  tracks.  The  double  track  was  kept  in  alignment  very 
well.  The  single  track  trestle  at  the  outer  end  required  a  good 
deal  of  work  to  keep  it  to  line  and  grade.    Toro  Point  rock  being 
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too  soft  to  use  for  armor,  the  best  available  supply  was  from 
Porto  Bello  quarry,  where  rock  was  also  being  crushed  for  con- 
crete for  the  Atlantic  locks.  The  original  plan  contemplated 
placing  all  the  armor  with  derrick  barges,  which  had  been  con- 
structed for  this  purpose,  after  the  core  had  been  brought  up 
to  — 10  feet.  On  account  of  the  swell  this  was  found  imprac- 
ticable, and  it  was  necessary  first  to  create  smooth  water  in 
which  the  derrick  barges  could  work  by  plowing  Porto  Bello 
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rock  from  cars  on  the  sea  track  of  the  breakwater  until  the 
rock  reached  about  elevation  +5,  after  which  the  remainder  of 
the  armor  rock  was  placed  by  the  derrick  barges.  A  small  un- 
loading wharf  was  built  at  Toro  Point  on  which  two  locomotive 
cranes  were  placed.  Unloading  armor  rock  from  barges  onto 
Lidgerwood  cars  began  in  October,  1911.  This  work  was  carried 
on  at  the  rate  of  not  less  than  one  barge  per  day  until  Decem- 
ber, 1913,  after  which  all  rock  was  placed  directly  from  the 
barge  into  the  breakwater  by  the  derrick  barges.  The  armor 
rock  was  plowed  off  on  the  outside  of  the  sea  track,  as  dumpinsr 
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between  the  tracks  caused  considerable  damage  to  the  trestle. 
The  armor  rock  ran  from  five  to  twenty  tons  in  weight.  Some 
individual  stones  were  handled  weighing  30  tons  or  more.  While 
two  large  derrick  barges  handled  the  large  rock,  a  small  der- 
rick barge  handled  smaller  armor  rock  to  fill  in  the  voids  be- 
tween the  large  rock.  To  make  a  more  compact  structure  all  of 
the  trestle  superstructure  was  removed  and  also  the  piling 
when  practicable  before  the  armor  was  completed.  In  dumping 
the  core  rock  from  the  harbor  track  the  fill  did  not  uniformly 
make  the  required  slopes.  The  additional  material  required  to 
fill  out  the  slopes  was  obtained  from  the  canal  prism  excavation 
near  Hindi  and  placed  directly  from  bottom  dumping  scows. 
Very  regular  slopes  were  obtained  without  much  diflSculty.  The 
breakwater  was  completed  in  May,  1914,  at  a  division  cost  of 
approximately  $3,493,000.00,  or  practically  $300  per  lineal  foot. 
These  figures  are  subject  to  further  deduction  from  credits  on 
account  of  Porto  Bello  plant.  It  contains  the  following  ma- 
terial :  669,254  cubic  yards  dredged  rock  from  the  canal  prism, 
for  which  no  charge  was  made  against  the  breakwater,  819,930 
cu.  yds.  of  core  rock  from  Toro  Point  at  $1.47  per  yard,  and 
456,549  cu.  yds.  armor  rock  from  Porto  Bello  at  $5.00  per  yard, 
total,  1,945,733  yards  at  $1,795  per  yard.  This  breakwater  had 
its  first  severe  test  in  the  northers  of  February  9  and  April  3, 
1915.  Cross  sections  taken  after  the  latter  showed  that  the 
amount  of  additional  armor  which  will  be  required  to  restore 
the  breakwater  to  its  original  lines  will  be  about  21,000  yards, 
measured  in  the  solid.  The  points  where  the  rock  was  displaced 
by  the  waves  were  usually  where,  owing  to  a  lack  of  supply  of 
large  armor  rock,  it  had  been  necessary  to  use  an  undesirable 
percentage  of  smaller  rock,  and  where  it  had  been  impossible  to 
fill  the  outside  slope  to  the  theoretical  lines.  The  west  break- 
water was  designed  and  constructed  under  Brigadier  General 
Wm.  L.  Sibert,  M.  Am.  Soc.  C.  E.,  Division  Engineer,  Atlantic 
Division,  with  Lt.  Col.  E.  L.  Jadwin,  M.  Am.  Soc.  C.  E.,  in  local 
charge  to  June,  1911,  Lt.  Col.  Chester  Harding,  M.  Am.  Soc. 
C.  E.,  in  local  charge  from  June,  1911,  to  February,  1913,  Lt.  Col. 
Wm.  V.  Judson,  M.  Am.  Soc.  C.  E.,  in  local  charge  from  March, 
1913,  to  February,  1914.  The  breakwater  was  transferred  to 
the  Division  of  Terminal  Construction  on  February  1,  1914.  Mr. 
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P.  C.  Stanton,  M.  Am.  Soc.  C.  E.,  was  Assistant  Engineer  on 
the  breakwater  work  from  the  time  it  started  until  May,  1914, 
when  he  left  the  Isthmus.  During  the  last  four  months  he  was 
in  local  charge. 

East  Breakwater.  The  east  breakwater  is  a  detached  break- 
water. Its  outer  end  lies  1000  feet  east  of  the  Canal  axis 
extended,  at  a  point  opposite  the  outer  end  of  the  west  break- 
water, giving  an  entrance  width  between  the  ends  of  the 
breakwaters  of  2000  feet  in  44  feet  of  water.  It  extends  shore- 
ward toward  Coco  Solo  Point.  The  length  authorized  is  5290 
feet,  with  an  **L''  225  feet  at  the  outer  end,  making  a  total 
center  line  length  of  5515  feet.  The  inner  end  will  lie  in 
40  feet  of  water  and  be  5693  feet  from  the  shore  at  Coco  Solo 
Point.  The  cross  section  of  the  west  breakwater  was  adopted 
for  the  east  breakwater  (Plate  XVI),  and  the  method  of  con- 
struction adopted  was  to  drive  a  double  track  trestle  out 
from  Coco  Solo  Point  to  the  outer  end  of  the  breakwater, 
a  distance  of  10,983  feet,  to  blanket  the  bottom  in  advance 
of  driving  the  trestle  with  as  much  material  as  could  be  ob- 
tained from  the  dredging  work  in  the  harbor ;  to  plow  off  rock 
from  Lidgerwood  cars  on  each  side  of  the  trestle  to  about 
elevation  — 12,  forming  two  mounds;  to  pump  in  between  the 
two  mounds,  to  about  — 15,  coral  rock  and  sand  excavated  by  a 
suction  dredge  working  behind  Coco  Solo  Point,  and  handled 
into  place  by  electrically-driven  relay  pumps  located  along  the 
trestle  pipe  line ;  above  — 12  to  plow  off  armor  rock  on  the  sea 
side  to  +5,  to  form  a  lee  behind  which  the  crane  barges  could 
place  the  remainder  of  the  armor  rock,  in  pieces  weighing  from 
5  to  20  tons,  and  thus  bring  the  breakwater  up  to  the  final  cross 
section.  An  extension  of  the  breakwater  shoreward  1800  feet 
has  been  under  consideration,  and  its  execution  will  depend 
upon  whether  the  necessity  for  further  protection  develops,  and 
whether  funds  will  be  available  to  undertake  this  extension. 

One  of  the  principal  factors  affecting  'the  cost  of  the  west 
breakwater  had  been  in  connection  with  securing  and  placing 
suitable  armor  rock.  Early  attention  was,  therefore,  given  to 
this  matter  for  the  east  breakwater.  During  1913,  investiga- 
tions were  made  in  regard  to  the  character  of  rock  at  a  num- 
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ber  of  points  on  the  Isthmus,  and  estimates  were  prepared  on 
the  cost  of  opening  up  and  operating  a  quarry.  During  1913  a 
considerable  amount  of  preliminary  work  was  done  by  the  At- 
lantic Division,  Brigadier  General  W.  L.  Sibert,  M.  Am.  Soc. 
C.  E.,  Division  Engineer,  at  Coco  Solo,  including  clearing  the 
yard,  ground,  extending  the  railroad,  building  a  dock  and  small 
harbor  for  unloading  piles  and  material,  ordering  material  for 
the  trestle,  etc.  The  location,  length  and  cross  section  of  the 
breakwater  were  also  fixed.  Construction  work  was  transferred 
to  the  Division  of  Terminal  Construction  on  February  1,  1914. 
Two  large  railroad  drivers  using  steam  hammers  working  8-. 
hour  ** split  shifts'*,  so  as  to  keep  the  drivers  working  12  hours 
per  day,  were  used  on  the  trestle.  From  three  to  four  16-foot 
bents  per  day  were  driven.  The  best  month's  work  was  1591 
lineal  feet  of  double  track  trestle.  On  the  shore  connection  the 
two  inner  piles,  that  is,  those  under  the  rails  of  each  track,  were 
creosoted  piles;  the  outer  piles  were  tarred  or  painted  with  a 
creosote  preservative  to  below  the  mud  line.  On  the  breakwater 
proper,  uncreosoted  and  unpainted  piles  were  used  throughout. 
The  bottom  was  very  soft  and  consisted  largely  of  black  mud 
with  a  varying  percentage  of  fine  sand.  Near  the  top,  the  silt 
was  very  soft  indeed.  Coral  was  encountered  near  the  shore. 
Further  out  the  elevation  of  the  argillaceous  rock,  to  which  the 
piles  in  most  cases  were  driven,  varied  from  70  feet  to  over  130 
feet  below  sea  level.  This  necessitated  the  use  of  spliced  piles  up 
to  130  feet  in  length.  The  standard  length  of  the  piles  ordered 
was  85  feet.  A  sufScient  number  of  45-foot  piles  were  ordered 
as  splices,  which  were  cut  to  the  required  length.  The  splice 
was  made  with  six  steel  bars  3^^  in.  by  V^  in.  by  72  in.,  with  six 
U-in.  holes  for  %-in.  by  6-in.  boat  spikes.  In  addition  to 
driving  test  piles,  and  taking  wash  borings  along  the  line  of  the 
breakwater  in  advance  of  driving,  soundings  were  taken  with  a 
weighted  pipe,  to  compare  the  results  taken  with  a  similar  pipe 
along  the  line  of  the  west  breakwater,  where  no  slipping  or 
heaving  of  the  bottom  occurred,  and  with  the  results  obtained 
along  the  line  of  the  Naos  Island  Breakwater  where  continual 
trouble  of  this  character  was  encountered.  A  2-in.  pipe  23  feet 
long,  filled  with  lead  for  the  upper  21  feet,  was  used ;  the  lower 
2  feet  were  open,  with  a  hole  in  the  upper  end  to  allow  the 
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escape  of  air  and  water.  When  dropped  20  feet  the  average 
penetration  of  this  pipe  along  the  west  breakwater  was  about 
8  feet ;  along  the  line  of  Naos  Island  breakwater  the  penetration 
was  about  double;  along  the  east  breakwater  the  penetration 
was  about  half-way  between  the  results  obtained  on  the  west 
breakwater  and  on  the  Naos  Island  breakwater.  Making  due 
allowance  for  settlement,  and  allowing  35%  for  voids  in  ma- 
terial in  place  in  the  breakwater,  it  was  estimated  that,  per 
lineal  foot  of  breakwater,  165  cubic  yards  solid  measurement 
of  core  rock  and  48  yards  of  armor  rock,  making  a  total  of 
213  cubic  yards  of  material,  would  be  required.  Trestle  con- 
struction commenced  March  2,  1914,  and  had  reached  a  length 
of  9498  feet  of  double-track  trestle  on  February  8,  1915,  costing 
$51.39  per  foot. 

On  account  of  the  suitability  of  the  rock  and  the  facilities 
available  for  excavating  it,  the  quarry  at  Sosa  Hill  at  the  Pacific 
terminal  was  adopted  as  the  source  of  supply  for  the  core  and 
armor  rock,  notwithstanding  the  haul  of  50  miles.  The  rock 
was  loaded  on  Lidgerwood  cars,  containing  about  18  cubic  yards, 
place  measurement,  and  weighing  about  40  short  tons,  and  trans- 
ported in  trains  of  about  30  cars.  There  was  little  difficulty  in 
maintaining  with  four  shovels  as  large  an  output  (up  to  4000 
yards  per  day)  as  could  be  dumped  into  place.  This  latter  was 
governed  by  the  ability  to  keep  the  trestle,  where  the  dumping 
occurred,  in  condition  to  permit  the  passage  of  trains,  as  more 
or  less  settlement  occurred  in  spots  where  the  bottom  was  un- 
usually soft,  requiring  constant  attention  and  shinmiing.  Up 
to  February  9, 1915,  321,000  cubic  yards  of  Sosa  Hill  rock,  solid 
measurement,  had  been  placed  in  the  breakwater,  and  about 
171,000  cubic  yards  of  coral  rock  and  sand  had  been  pumped  in 
by  dredges.  The  dry  fill,  loaded  on  cars  at  Sosa  Hill,  cost  59 
cents  per  cubic  yard,  division  expense.  The  cost  of  transporta- 
tion across  the  Isthmus  was  16  cents;  repairs  to  cars,  12  cents; 
dumping  at  Coco  Solo,  6  cents;  miscellaneous  charges,  8  cents; 
making  a  total  cost  in  place  of  $1.01.  The  cost  for  wet  fill  in 
place  was  66  cents. 

From  February  8  to  10,  1915,  a  norther  that  came  up  in 
the  night,  of  greater  intensity  than  had  occurred  for  a  number 
of  years,  destroyed  4300  feet  of  the  double-track  shore-connec- 
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tion  trestle,  and  about  1700  feet  of  the  trestle  on  the  breakwater 
proper,  carried  two  pile  drivers  overboard  and  did  other  dam- 
age. Steps  were  immediately  taken  to  obtain  additional  ma- 
terial, recover  the  pile  drivers,  salvage  the  material  which  had 
been  washed  ashore,  assort  it,  and  to  redrive  the  shore  connec- 
tion. About  400  feet  of  single-track  trestle  had  been  redriven 
when  a  second  norther  of  great  intensity  occurred  on  April  3 
to  5,  which  carried  away  about  700  feet  of  shore  connection 
trestle  and  2100  feet  comprising  the  remainder  of  the  trestle 
on  the  breakwater.  No  armor  rock  had  been  placed  in  the 
breakwater.  The  action  of  the  northers  on  the  core  rock  that 
had  been  placed  was  to  level  it  oflE  at  a  depth  of  from  10  to 
15  feet  below  sea  level.  The  northers  removed  a  considerable 
amount  of  soft  material  that  had  been  deposited  from  dump 
barges  to  blanket  the  bottom  in  advance  of  the  trestle  driving. 
The  effect  of  these  two  northers  will  be  to  increase  the  cost  over 
what  it  would  otherwise  have  been  by  about  $360,000.  The  re- 
driving  of  the  shore  trestle  commenced  immediately,  with  a 
view  to  carrying  the  breakwater  as  far  as  possible  towards  com- 
pletion before  the  next  season  for  northers.  It  was  decided, 
in  order  to  save  time  and  cost,  to  redrive  the  shore  connection 
as  a  single-track  trestle,  except  for  the  passing  track  1200  feet 
long,  about  one  mile  from  shore.  Shorter  piles  are  being  used, 
with  wooden  collars  42  inches  square  bolted  and  dapped  into 
the  piles  at  a  proper  distance  from  the  top  to  enable  these  col- 
lars, by  resting  on  the  original  bottom  or  on  the  coral  fill,  to 
assist  in  supporting  the  load.  Where  the  condition  of  the  bot- 
tom makes  it  necessary,  an  additional  pile,  making  five  piles 
per  bent,  is  used.  The  two  center  piles  are  creosoted  piles  sal- 
vaged from  the  original  trestle.  Few  piles  over  85  feet  in  length 
were  used.  To  give  lateral  stability  and  to  increase  the  re- 
sistance of  this  trestle  to  storms,  coral  rock  and  sand  were 
pumped  in  along  the  trestle  as  fast  as  practicable  to  a  height  of 
— 15.  In  some  places  double  collars  were  placed  on  the  piles, 
the  second  collar  being  10  feet  above  the  lower  collar,  which, 
after  this  coral  fill  was  made,  gave  additional  bearing  power. 
While  the  shore  connection  was  being  driven,  another  pile  driver 
was  carried  out  by  barge  and  started  in  on  the  breakwater 
proper.    It  is  expected  to  resume  placing  dry  fill  and  to  start 


428  TERMINAL  WORKS,  DRY  DOCKS  AND  WHARVES 

placing  armor  in  August.  All  rock  two  cubic  yards  and  larger 
obtained  from  Sosa  Hill  quarry  during  the  past  year  has  been 
classed  as  armor  rock,  and  as  such  has  been  reserved  for  use  at 
the  east  breakwater.  Each  train  coming  under  the  shovel  would 
have  two  cars  or  more  reserved  for  armor  rock,  and  all  armor 
rock  encountered  by  the  shovel  was  loaded  on  these  special  cars, 
if  necessary,  by  using  chain  slings  handled  by  the  shovel.  This 
armor  rock  has  been  unloaded  by  cranes  and  stored  at  Coco 
Solo.  The  percentage  of  armor  rock  recovered  from  quarry 
operations  has  not  been  as  large  as  desired,  and  the  results  of 
the  two  recent  northers  have  shown  the  necessity  of  large  masses 
of  rock  to  withstand  the  wave  action.  It  is  expected,  there- 
fore, to  manufacture  about  10,000  concrete  blocks  measuring  7 
feet  on  a  side  composed  of  one  part  cement,  2  1/3  parts  sand  and 
7  parts  Chagres  River  gravel,  and  weighing  25  short  tons,  with 
a  view  to  placing  these  blocks  on  the  outside  face  and  slope  of 
the  breakwater  and  backing  them  up  with  armor  rock  from  Sosa 
Hill  quarry,  which  will  be  plowed  off  from  the  trestle  or  placed 
by  the  derrick  barges.  This  breakwater  should  be  completed 
by  July,  1916.  From  February,  1914,  when  this  work  was  trans- 
ferred to  the  Division  of  Terminal  Construction,  to  May,  1914, 
Assistant  Engineer  F.  C.  Stanton,  M.  Am.  Soc.  C.  E.,  was  in 
local  charge  of  the  work.  Since  May,  1914,  Supervisor  C.  C. 
Snedeker  has  been  in  local  charge,  reporting  to  the  writer. 

FUEL  OIL  PLANTS. 

The  fuel  oil  handling  plants  at  each  terminal  include  the 
necessary  cribs,  or  outlets  on  wharves ;  pipe  lines  between  the 
water  front  and  the  tank  farms ;  and  the  handling  plants.  The 
Panama  Canal,  as  well  as  private  companies,  owns  tanks,  in  the 
tank  farms.  The  tanks  have  been  located  as  regards  elevation 
and  distance  from  the  handling  plant  and  the  water  front,  and 
the  plants  have  been  designed,  with  a  view  to  handling  oils  from 
the  storage  tanks  in  the  tank  farms  to  or  from  three  ships  sim- 
ultaneously, at  a  minimum  rate  of  1200  bbls.  per  hour  per  ves- 
sel; and  to  be  able  to  make  deliveries  to  any  small  Panama 
Canal  service  tanks,  within  a  radius  of  eight  miles,  at  the  rate 
of  400  bbls.  per  hour.  The  locations  selected  and  the  general 
arrangement  for  the  handling  plants,  tank  farms,  oil  docks  and 
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pipe  line  connections  are  shown  on  Plates  HI  and  XVH.  In 
addition  to  handling  the  commercial  ** topped"  fuel  oils,  the 
plants  are  arranged  to  handle  Diesel  engine  oil.  Separate  tanks 
for  storing  gasoline  in  bulk  are  also  being  provided,  one  at  Bal- 
boa and  one  at  Mount  Hope,  for  use  by  the  Panama  Canal.  In- 
dividuals and  companies  are  not  permitted  to  store  gasoline, 
kerosene  or  any  distillates  other  than  Diesel  engine  oil,  in  the 
Canal  Zone.  Work  on  the  Pacific  terminal  plant  was  started  in 
July,  1914,  and  it  was  placed  in  operation  in  January,  1915. 
The  Atlantic  terminal  plant  was  started  in  August,  1914,  and 
was  ready  for  operation  in  February,  1915.  After  extended 
investigation  steam-driven  pumps  were  adopted.  The  various 
classes  of  oils,  the  wide  variation  in  pressure,  distances,  and 
rates  of  pumping,  rendered  less  satisfactory  results  with  elec- 
trically driven  pumps  more  or  less  certain.  The  very  satisfac- 
tory results  obtained  from  the  steam-driven  pumps  have  entirely 
justified  their  selection.  Each  plant  has  been  laid  out  for  the 
installation  of  three  boilers  and  three  oil-pumping  units.  Two 
boilers  and  two  pumps  have  been  installed  in  each  plant  to  date, 
pending  the  development  of  enough  business  to  justify  the  third 
unit.  In  each  plant  there  are  two  250-hp.  horizontal  return- 
tubular  boilers  with  boiler-feed  pumps  in  duplicate,  boiler-feed- 
water  heater,  oil  heater,  oil-feed  pumps,  etc.  The  fuel  tanks  are 
located  so  as  to  give  a  head  of  approximately  40  feet  in  supply- 
ing oil  directly  to  the  boilers  by  gravity.  Each  boiler  is  equipped 
with  two  150-hp.  steam  atomizing  ''Best*'  burners.  All  boilers 
and  accessories  were  obtained  on  the  Isthmus  from  old  retired 
equipment  in  good  condition.  In  each  engine  room  are  two  20- 
and  14-  by  12-  by  18-in.  duplex  tandem-compound  oil-pumping 
units  of  the  outside  center-packed  plunger  type.  The  nominal 
capacity  of  each  pump  is  1200  barrels  (50,400  U.  S.  gallons)  per 
hour  of  crude  oil  with  asphaltum  base  and  gravity  of  16  degrees 
Baume  at  60  degrees  F  (temperature  of  oil  at  time  of  handling 
80  degrees  F),  against  a  total  head  (excluding  suction)  of  150 
lbs.  per  square  inch,  with  steam  pressure  of  125  lbs.  per  square 
inch  at  the  throttle;  and  400  bbls.  (16,800  U.  S.  gallons)  per 
hour  of  similar  oil  against  a  total  head  (excluding  suction)  of 
250  lbs.  per  square  inch.  The  pumps  are  equipped  with  the 
necessary  features  adapting  them  for  handling  heavy  oils,  in- 
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eluding  one  large  suction  and  one  large  discharge  chamber,  to 
permit  the  clearing  of  entrapped  air  or  gas  during  operation, 
and  an  adjustable  spring  pressure-relief  valve  and  by-pass  pipe 
to  permit  automatically  the  oil  to  escape  from  discharge  to  suc- 
tion pipe,  should  the  discharge  pressure  rise  above  the  pressure 
for  which  the  valve  is  set.  The  pumps  were  furnished  by  the 
National  Transit  Company,  of  Oil  City,  Pa.,  at  a  unit  cost  of 
$3,805  delivered,  including  accessories  such  as  steam,  indicat- 
ing and  recording  pressure  and  vacuum  gauges,  automatic  pres- 
sure-relief valve  and  a  complete  set  of  oil  suction  and  discharge 
valve  seats,  valves  and  valve  springs.  The  net  weight  of  each 
pump  is  about  36,000  lbs.  A  Worthington  underwriters'  fire 
pump  16  in.  by  9  in.  by  12  in.,  having  a  rated  capacity  of  750 
gallons  per  minute,  selected  from  old  retired  equipment,  has 
also  been  installed  in  the  Balboa  plant,  for  particular  use  in 
handling  Diesel  engine  oil,  until  a  larger  pump  is  necessary. 

The  manifold,  which  has  been  furnished  for  connection  with 
each  handling  plant,  consisting  of  12-inch  cast  iron  headers,  pipe 
bends,  valves,  and  fittings,  accomplishes  the  following  purposes: 

(a)  The  suction  and  discharge  pipe  of  any  pump  in  the 
handling  plant  can  be  connected  with  the  pipe  line  to  any  tank 
in  the  tank  farm.  The  manifold  can  be  extended  indefinitely  to 
meet  the  further  demands  resulting  from  the  construction  of 
additional  tanks. 

(b)  The  manifold  permits  oil  to  be  taken  or  delivered  be- 
tween the  tank  farm  and  the  three  outlets  at  the  water  front 
simultaneously  with  or  without  the  assistance  of  the  pumps  in 
the  handling  plant,  as  desired. 

At  the  Atlantic  terminal,  the  handling  plant  has  been  con- 
nected with  the  water  front  by  one  10  in.  and  one  12  in.  pipe 
line  running  to  Dock  No.  13,  with  provision  for  a  third  line 
when  required.  The  two  lines  serving  Dock  13  will  be  extended 
across  the  French  canal,  in  a  trench  dredge  to  — 45,  to  the  new 
coaling  plant,  Pier  No.  16.  An  8-in.  line  will  be  laid  under  the 
deck  along  both  sides  and  around  the  end  of  Pier  No.  16,  with 
a  total  of  fourteen  8-in.  outlets.  It  is  intended  to  confine,  so  far 
as  practicable,  deliveries  of  fuel  to  Pier  No.  16.  It  is  expected 
to  receive  oil  at  Dock  13  indefinitely. 

At  the  Pacific  terminal  a  berth  75  feet  wide  and  2000  feet 
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long  has  been  dredged  adjoining  the  canal  channel,  about  2000 
feet  south  of  the  old  French  pier,  and  one  oil  crib,  **C'',  a  rein- 
forced concrete  structure  62  feet  square,  supported  on  steel 
cylinders,  has  been  built  and  connected  with  the  oil-handling 
plant,  by  pipe  lines  laid  along  the  bottom.  A  10-in.  oil  line  has 
also  been  laid  along  the  face  of  the  old  French  pier  under  the 
deck,  with  six  8-in.  oil  outlets. 

On  the  Atlantic  side  the  distributing  pipes  from  the  oil 
handling  plant  extend  only  between  the  tank  farms  and  the 
water  front,  and  the  Panama  Canal  and  Panama  Railroad  small 
distributing  tanks  in  the  immediate  vicinity.  On  the  Pacific 
side  the  Panama  Canal  distributes  oil  to  various  small  receiving 
tanks  as  far  north  as  Paraiso,  a  distance  of  nearly  eight  miles. 
Oil  is  delivered  to  Paraiso  at  the  rate  of  400  bbls.  per  hour.  The 
Union  Oil  Company's  trans-isthmian  line  has  been  removed. 
The  Panama  Canal  does  not  propose  to  replace  it,  or  to  permit 
any  individual  or  company  to  construct  a  trans-isthmian  line. 
Individuals  and  companies  desiring  to  participate  in  the  selling 
of  fuel  oil  to  vessels  using  the  Canal  are  permitted  to  lease  tank 
sites  in  accordance  with  approved  regulations,  and  to  furnish 
the  pipe  lines  as  far  as  the  handling  plant.  The  present  rate  for 
pumping  is  four  cents  per  barrel  of  42  gallons,  each  way.  On 
the  Pacific  side  the  tanks  are  located  on  Balboa  dump.  The  gen- 
eral plan  has  been  to  grade  off  and  roll  the  ground,  and  place 
the  tank  upon  about  two  feet  of  sand  saturated  with  fuel  oil. 
With  tanks  30  to  35  feet  high,  a  settlement  averaging  6  in.  has 
occurred,  not  altogether  uniform,  but  without  affecting  the 
tightness  of  the  tanks  appreciably.  The  standard  size  of  the 
pipe  lines  at  the  Atlantic  side  is  12  in.,  and  at  the  Pacific  side, 
owing  to  shorter  distances  and  greater  difference  in  elevation, 
10  in.  At  the  Atlantic  terminal,  the  tanks  are  located  on  the 
summit  of  a  number  of  small  hills  at  Mount  Hope,  between  the 
Panama  Railroad  and  the  east  diversion  canal,  which,  when 
graded  off,  enable  the  tanks  to  be  built  on  hard  red  clay.  At 
the  Pacific  terminal,  fuel  oil  can  be  easily  handled  either  way 
by  one  pump  at  the  rate  of  2000  bbls.  per  hour.  In  handling 
oil  to  vessels  it  has  been  found  that  the  ruling  factor  is  the 
capacity  of  the  vessel  to  take  the  oil,  and  not  the  capacity  of 
the  pump.    There  are  at  present,  either  completed  or  under  con- 
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struction,  tanks  that  will  enable  about  150,000  tons  of  fuel  oil 
to  be  carried  in  stock  on  the  Isthmus,  and  there  is  ample  room 
for  the  construction  of  additional  storage  tanks  should  they  be 
necessary.  The  Panama  Canal  owns  four  40,000-barrel  tanks, 
two  at  each  end. 

The  oil  lines  in  general  have  been  laid  on  the  ground,  and, 
by  providing  expansion  joints  at  intervals,  no  special  difficul- 
ties have  been  experienced  by  the  pipes  pulling  apart  or  by 
leaky  joints  arising  from  variation  in  temperature.  The  oil 
purchased  and  stored  by  the  Panama  Canal  under  its  present 
contract  is  California  oil.  On  the  completion  of  tanks  which 
are  now  under  construction,  vessels  passing  through  the  Canal 
will  be  able  to  purchase  California,  Mexican  and  Oklahoma 
oils. 

These  plants  were  designed  and  constructed  by  the  Divi- 
sion of  Terminal  Construction.  Mr.  F.  C.  Nichols,  Assistant  En- 
gineer, was  in  charge  of  the  designing  and  office  work,  and  acted 
as  inspector  on  construction  work  performed  by  other  divisions. 
Prior  to  his  connection  with  the  work,  Mr.  A.  L.  Bell,  Mechani- 
cal Engineer,  performed  important  work  in  connection  with 
preliminary  investigations  and  calculations.  Valuable  informa- 
tion and  assistance  were  received  from  engineers  of  the  manu- 
facturers of  pumps,  and  of  the  handlers  of  oil.  Special  acknowl- 
edgment is  due  to  Mr.  Forrest  N.  Towl,  M.  Am,  Soc.  C.  E.,  for 
information  and  suggestions  offered. 

The  writer  desires  to  make  acknowledgment  for  the  faith- 
ful services  rendered  and  loyal  support  given  by  all  who  were 
associated  with  him  on  the  foregoing  work. 
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COALING  PLANTS. 

Two  coaling  plants  are  now  under  construction  for  the  Pan- 
ama Canal.  The  larger  plant,  known  as  the  Cristobal  Coaling 
Plant,  is  located  near  the  Atlantic  entrance,  and  the  smaller, 
known  as  the  Balboa  Coaling  Plant,  is  located  near  the  Pacific 
entrance  to  the  Canal.  At  each  plant  work  is  in  progress  by  the 
Panama  Canal  and  by  contractors  for  the  coal-handling  ma- 
chinery proper. 

Based  on  45  cubic  feet  of  coal  to  the  ton  of  2240  pounds, 
the  completed  Cristobal  Coaling  Plant  will  have  a  maximum 
storage  capacity  of  100,000  tons  of  submerged  coal  and  350,000 
tons  of  dry  coal.  The  corresponding  figures  for  Balboa  are 
44,500  tons  and  167,000  tons.  The  figures  for  dry  storage  are 
based  on  a  maximum  depth  of  33  feet  at  Cristobal  and  40  feet 
at  Balboa.  The  total  normal  dry  capacity  is  225,000  tons  at 
Cristobal  and  91,500  tons  at  Balboa,  based  on  a  depth  of  20  feet 
in  each  case.  While  it  is  not  likely  that  undesirable  results 
would  follow  at  either  plant  with  coal  stored  to  the  greater 
depths  mentioned,  it  is  probable  that  an  eflfort  will  be  made  to 
limit  the  depth  to  the  lesser  figures,  so  far  as  practicable. 

The  foregoing  figures  for  volume  of  dry  storage  are  based 
on  the  absence  of  internal  subdivision.  Assuming  the  Cristobal 
Coaling  Plant  divided  into  13  piles,  as  indicated  on  Plate  I,  the 
total  maximum  dry  capacity  is  reduced  to  311,000  tons;  and 
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assuming  the  Balboa  Coaling  Plant  to  be  subdivided  into  12 
piles,  as  indicated  on  Plate  II,  the  total  maximum  dry  capacity 
is  reduced  to  141,000  tons. 

The  wet  or  subaqueous  storage  at  each  plant  is  for  a  reserve 
for  the  Navy.    Its  depth  is  28  feet  below  mean  sea-level  at  Ciis- 

9 

tobal  and  18  feet  below  mean  sea-level  at  Balboa.  It  is  expected 
that  this  submerged  coal  may  remain  in  storage  for  long  periods 
of  time  without  appreciable  loss  of  caloric  value  and  without 
danger  of  spontaneous  combustion.  The  submerged  stock  will 
be  covered  by  the  dry  stock,  thus  practically  forming  a  founda- 
tion for  the  working  pile  of  dry  coal. 

In  June,  1913,  five  proposals  were  opened,  in  the  Washing- 
ton Office  of  the  Isthmian  Canal  Commission,  for  furnishing 
coal-handling  machinery  and  accessories  for  the  two  plants  on 
foundations  to  be  provided  by  the  Government.  The  specifica- 
tions were  general,  and  the  proposals  were  practically  compet- 
itive designs  to  meet  the  specified  conditions.  The  Cristobal 
machinery  was  required  to  develop  an  average  unloading  ca- 
pacity of  not  less  than  1000  tons  of  2000  pounds  per  hour,  and 
an  average  reclaiming  capacity  of  not  less  than  2000  tons  of  2000 
pounds  per  hour.  The  capacities  for  Balboa  were  specified  as 
half  those  for  Cristobal.  These  two  plants  are  markedly  different 
from  the  general  run  of  commercial  coaling  plants  in  the  United 
States,  in  that  the  coal  is  both  received  from  and  delivered  to 
vessels.  The  specified  maximum  requirements  for  reclaiming 
and  reloading  at  Cristobal  were  fixed  at  the  comparatively  high 
figure  of  2000  tons  per  hour,  to  increase  the  military  usefulness 
of  the  plant,  since  this  rate  would  enable  fleet  colliers  to  be 
loaded  in  a  comparatively  short  time.  The  specifications  re- 
quired the  reloading  capacity  to  be  obtained  by  the  use  of  stock- 
ing and  reclaiming  bridges,  a  conveying  system,  and  moving 
units  designated  as  reloaders.  By  this  means,  high  and  ex- 
pensive wharf  bunkers  and  appurtenances  were  dispensed  with, 
except  that  a  small  wharf  bunker  was  specified  for  serving  togs 
and  other  small  craft. 

Contracts  were  awarded  in  August,  1913,  one  to  the  Hunt 
Construction  Company,  of  New  York,  the  other  to  Augustus 
Smith,  C.  E.,  of  Bayonne,  N.  J.  The  successful  design  was  that 
developed  by  Mr.  Smith,  the  part  awarded  to  the  Hunt  Con- 
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struction  Company  consisting  of  the  unloading  towers  only,  four 
at  Cristobal  and  two  at  Balboa. 

The  general  characteristics  of  each  plant  can  be  seen  from 
Pigs.  1  and  2.  These  are  not  photographs  in  the  usual  sense, 
since  neither  plant  is  as  yet  completed,  but  they  are  photographs ' 
of  larger  perspective  drawings  which  Mr.  Smith  has  had  made, 
and  which  he  has  kindly  furnished  for  the  purposes  of  this  article. 
These  general  characteristics  can  also  be  seen  by  reference  to 
Plates  I  and  III  for  Cristobal  and  II  and  IV  for  Balboa. 

It  will  be  seen  that  the  Cristobal  plant  consists  of  a  rectangu- 
lar storage  pile  1700  feet  long  by  307  feet  wide.  The  length  of 
the  pile  lies  approximately  north  and  south,  and  the  northerly 
or  off-shore  part  is  enclosed  in  a  U-shaped  pier,  which  supports 
the  coal-handling  machinery  and  affords  deep  water  berthing 
space  alongside  the  coaling  plant.  The  southerly  part  of  the 
storage  pile  is  beyond  the  final  shore  line. 

The  two  long  sides  of  the  projecting  pier  are  known  as  the 
unloader  wharf  and  the  reloader  wharf,  and  afford  berthing 
space,  with  a  depth  of  41  feet  at  mean  sea-level,  for  a  length  of 
1065  feet  for  each  wharf.  The  tidal  range  at  Cristobal  is  small, 
averaging  about  2.65  feet;  hence  there  will  be  sufficient  depth 
for  the  largest  ships  at  any  stage  of  the  tide.  The  north  end  of 
the  pier  is  known  as  the  end  wharf ;  it  affords  458  lineal  feet  of 
berthing  space  of  similar  depth,  and  supports  the  wharf  bunker. 

The  general  arrangement  of  the  Cristobal  Coaling  Plant  is 
as  follows : 

On  the  unloader  wharf  are  four  traveling  unloaders,  and 
on  the  reloader  wharf  are  four  traveling  reloaders.  The  storage 
pile  is  surrounded  by  a  double-track  viaduct  on  which  travel 
conveyor  cars  of  a  nominal  capacity  of  10  tons  each.  The  storage 
pile  is  spanned  by  two  moving  units,  known  as  stocking  and 
reclaiming  bridges,  which  travel  from  end  to  end  of  the  storage 
pile.  Each  of  these  bridges  supports  in  turn  on  its  top  chord 
two  other  moving  units  known  as  bridge  diggers,  whose  function 
is  to  reclaim  coal  from  storage.  A  wharf  bunker  of  1500  tons 
capacity,  weigh  scales,  storage  tracks  at  viaduct  level,  and  an 
electric  substation  complete  the  general  features  of  the  plant. 
All  parts  are  electrically  operated  except  the  unloaders,  which 
are  steam  operated ;  the  plant  is  electrically  lighted  throughout, 
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and  will  be  equipped  with  a  telephone  system  and  with  visible 
and  audible  signals. 

The  general  operation  of  the  Cristobal  plant  will  be  as 
follows : 

For  unloading  and  stocking,  coal  will  be  taken  by  the  un- 
loaders  and  transferred  to  ears  on  the  viaduct.  These  cars  are 
semi-automatic  and  will  carry  the  coal  over  one  of  the  weigh 
scales,  after  which  by  means  of  a  sliding  curve  they  pass  over 
one  of  the  stocking  and  reclaiming  bridges  which  have  been  set 
over  that  part  of  the  storage  pile  to  which  the  coal  is  destined. 
After  having  been  dumped  at  the  desired  point,  the  cars  continue 
their  course,  leaving  the  bridge  by  a  similar  sliding  switch  and 
eventually  returning  to  the  loading  point  to  repeat  the  cycle. 
Any  or  all  of  the  four  unloaders  may  be  used  during  this  opera- 
tion, and  one  or  more  vessels  may  be  unloaded,  depending  on 
the  desired  rate  of  unloading  and  the  number  of  points  of  de- 
posit of  coal.  Since  the  viaduct  is  double  track  and  there  are 
two  bridges,  it  is  possible  in  the  majority  of  cases  to  operate  the 
conveyor  cars  on  two  independent  routes. 

For  reclaiming  and  reloading,  the  units  in  use  are  the  bridge 
diggers,  bridges,  viaduct,  scales,  and  reloaders.  The  bridge  dig- 
gers reclaim  coal  from  storage,  and  deliver  it  by  hoppers  and 
chutes  to  the  conveyor  cars,  which  leave  the  bridge  by  a  sliding 
curve,  pass  over  one  of  the  scales  and  dump  the  coal  into  the 
hopper  of  the  desired  reloader,  whence  it  is  delivered  to  the 
vessel  by  a  system  of  conveyor  belts,  terminating  in  a  telescopic 
chute,  which  directs  the  coal  to  the  desired  point  in  the  vessel. 
One  or  more  bridge  diggers  and  one  or  more  reloaders  may  be 
in  use,  according  to  the  number  and  capacity  of  the  receiving 
points  in  the  vessel  or  vessels,  and,  as  in  the  unloading  opera- 
tion, two  independent  routes  may  be  followed  by  the  conveyor 
cars  for  most  of  the  operations.  The  discharging  capacity  of  one 
reloader  is  equal  to  or  greater  than  the  reclaiming  capacity  of 
one  bridge  digger. 

Coal  destined  to  the  wharf  bunker  is  dumped  by  the  con- 
veyor cars  into  a  hopper,  which  delivers  to  a  system  of  belts, 
which  finally  delivers  the  coal  into  the  desired  compartment  of 
the  bunker  by  a  traveling  tripper.  So  far  as  the  wharf  bunker 
is  concerned,  this  coal  may  be  taken  directly  from  a  vessel  by  an 
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unloader,  or  may  have  been  reclaimed  from  storage  by  a  bridge 
digger. 

Coal  can  also  be  transferred  from  any  point  of  the  storage 
pile  to  any  other  point  of  the  storage  pile  by  the  use  of  both 
bridges,  coal  being  reclaimed  at  one  bridge  and  dumped  at  the 
other. 

The  Balboa  plant  differs  materially  from  the  Cristobal  plant 
in  general  layout,  due  to  local  differences  of  site.  The  general 
nature  of  the  coal  handling  operations  is  similar  to  that  at  Cris- 
tobal, i.  e.,  there  are  unloaders,  reloaders,  viaduct  and  conveyor 
cars ;  but  the  Cristobal  bridges,  with  their  diggers,  are  replaced 
at  Balboa  by  four  traveling  double-cantilever  cranes,  known  as 
berm  cranes,  which  were  originally  purchased  for  mixing  and 
handling  concrete  for  the  Pacific  locks,  and  which  are  being  re- 
erected  and  remodeled  for  service  in  the  coaling  plant.  The 
viaduct  at  Balboa  is  single  track,  since  the  number  of  unloaders 
and  reloaders  is  but  half  that  at  Cristobal,  and  the  specified 
handling  capacities  are  but  half  as  large.  The  Balboa  unloaders 
and  reloaders  differ  from  those  at  Cristobal  in  detail  only,  the 
capacities  and  general  operation  of  these  units  being  the  same 
at  the  two  plants.  The  Balboa  conveyor  cars  have  the  same  indi- 
vidual capacity  as  those  at  Cristobal  and  have  the  same  running 
gear,  but  they  are  single-sided  instead  of  double-sided,  i.  e.,  they 
dump  on  one  side  of  the  viaduct  track  only.  This  results  from 
there  being  but  a  single  track  on  the  Balboa  viaduct. 

The  storage  pile  at  Balboa  is  800  feet  long  and  345.5  feet 
wide,  and  is  spanned  by  the  berm  cranes.  As  at  Cristobal,  one 
side  of  the  storage  pile  is  bounded  by  an  unloader  wharf,  but 
the  reloader  wharf  instead  of  lying  parallel  to  the  unloader 
wharf  on  the  opposite  side  of  the  storage  pile,  joins  the  unloader 
wharf,  forming  a  salient  angle  of  about  135**.  There  is  thus  no 
"end  wharf  at  Balboa,  and  the  wharf  bunker,  which  is  identi- 
cal with  that  at  Cristobal,  is  supported  by  the  reloader  wharf 
close  to  the  salient  angle. 

The  operation  of  unloading  and  stocking  at  Balboa  is  as 
follows : 

The  unloaders  take  coal  from  the  vessel  or  vessels  and  de- 
liver it  to  the  conveyor  cars,  which,  after  having  passed  over  one 
of  the  scales,  dump  the  coal  at  a  point  in  the  storage  pile  along- 
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side  the  viaduct,  whence  it  is  handled  farther  into  storage  by  the 
berm  cranes  or  an  otherwise  unemployed  unloader,  as  the  case 
may  be.  Thus  this  operation  differs  from  that  at  Cristobal,  in 
that  the  conveyor  car  does  not  place  the  coal  in  its  final  position  in 
storage,  but  dumps  it  alongside  the  viaduct,  to  be  rehandled ;  and, 
since  the  available  storage  volume  alongside  the  viaduct  is 
limited,  it  will  be  necessary  to  rehandle  the  coal  farther  into  stor- 
age at  a  rate  equal  to  the  rate  of  unloading.  Since  there  are  two 
berm  cranes  to  each  unloader,  it  is  expected  that  they  will  be  able 
to  keep  up  with  the  unloader,  in  which  case  the  capacity  of  the 
unloader  is  the  capacity  of  the  operation.  Reference  to  the  pho- 
tograph and  drawings  will  indicate  that  the  conveyor  cars  can 
dump  into  the  storage  pile  either  on  a  line  immediately  behind 
the  unloader  travel  or  on  a  line  alongside  the  berm  crane  travel. 
On  each  of  these  two  lines,  the  supports  for  the  viaduct  track 
consist  of  concrete  piers  with  concrete  curtain  walls  between 
them ;  thus  coal  can  be  stored  against  their  sides  to  a  considerable 
depth.  The  primary  object  of  this  detail  is  to  obtain  a  suffi- 
ciently large  volume  of  storage  alongside  the  viaduct,  but,  of 
course,  the  total  storage  capacity  of  the  plant  is  thereby  in- 
creased. 

In  the  operation  of  reclaiming  and  reloading,  the  unloaders 
will  be  used  as  well  as  the  berm  cranes,  the  shore  boom  of  the 
unloaders  being  employed  for  this  service.  While  it  is  possible 
for  the  berm  cranes  to  reclaim  from  any  point  of  storage,  it  was 
deemed  advisable  to  increase  their  joint  capacity  by  the  capacity 
of  the  unloaders,  and  it  is  estimated  that  the  four  berm  cranes 
and  two  unloaders,  when  reclaiming,  will  be  able  to  deliver  coal 
to  the  two  reloaders  at  approximately  the  capacity  of  the  latter. 
Thus  the  average  unloading  and  stocking  capacity  is  500  tons 
per  hour,  and  the  average  reclaiming  and  reloading  capacity  is 
1000  tons  per  hour. 

Coal  is  delivered  into  the  wharf  bunker  in  a  manner  similar 
to  that  at  Cristobal,  and  can  be  transported  from  any  point  in 
the  storage  pile  to  any  other  point  in  the  storage  pile  by  means 
of  the  unloaders,  berm  cranes,  and  conveying  system. 

The  Cristobal  unloaders  are  of  steel  construction  through- 
out, weighing  about  310  tons  each,  and  each  is  supported  on  four 
trucks  of  four  wheels  each,  running  on  two  pairs  of  135-lb.  rails. 
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3  ft.  0  in.  center  to  center,  the  distance  center  to  center  of  the 
pairs  of  rails  being  34  ft.  6  in.  The  speed  of  track  travel  is  50 
feet  per  minute.  Plate  III  indicates  the  general  construction 
of  the  Cristobal  unloaders.  It  will  be  seen  that  the  unload- 
ers  are  of  the  ** steeple"  type,  and  that,  if  required,  the  bucket 
can  be  run  from  the  outer  end  of  the  water  boom  to  the  inner 
end  of  the  shore  boom,  a  distance  of  162  feet.  Normally  but 
one  boom  will  be  in  operation,  and  the  guaranteed  handling 
capacities  are  based  on  this  condition.  The  unloaders  are 
"double-ended",  inasmuch  as  two  operating  stations  are  pro- 
vided, one  for  the  water  boom  and  one  for  the  shore  boom.  All 
the  movements  of  the  bucket,  which  is  of  2^4  tons  capacity,  are 
controlled  by  one  man,  the  fatigue  of  whose  duty  is  reduced  to  a 
minimum  by  the  employment  of  pilot  valves  for  admission  and 
cut-oflf  of  steam  to  the  engine  cylinders.  The  water  boom  can  be 
lifted  to  clear  the  upper  works  of  vessels ;  the  shore  boom  is  of 
similar  construction,  but  no  liftmg  appliances  are  provided,  since 
they  are  not  required  in  the  normal  operation  of  the  plant.  The 
clearance  line  of  the  closed  bucket  is  at  a  maximum  height  of  65 
feet  above  the  deck  of  the  wharf,  which  is  10  ft.  6  in.  above  mean 
sea-level;  the  extreme  travel  of  the  bucket  on  the  water  side  is 
55  feet  from  the  face  of  the  concrete  wharf,  i.  e.,  exclusive  of 
fenders,  and  on  the  shore  side  it  is  38  feet  from  the  edge  of  the 
storage  pile  at  Cristobal ;  thus  a  considerable  part  of  the  storage 
pile  is  commanded  by  the  unloader.  At  Balboa  the  shore  boom 
commands  a  strip  of  the  storage  pile  55  feet  in  width.  This 
greater  command  is  had  by  reason  of  the  less  width  of  the  Balboa 
viaduct,  and  is  desirable  on  account  of  the  moderate  capacity  of 
the  berm  cranes  at  Balboa. 

In  order  to  deliver  coal  to  the  conveyor  cars,  each  Cristobal 
unloader  is  provided  with  a  belt,  which  transports  coal  from  the 
large  receiving  hopper  of  50  tons  capacity,  into  which  the  bucket 
discharges,  to  two  hoppers  which  overhang  the  viaduct,  one  over 
each  track.  The  capacity  of  these  latter  hoppers  is  15  tons  each, 
and  delivery  into  the  conveyor  cars  is  controlled  by  steam  valves, 
worked  by  an  operator  stationed  in  an  adjacent  cab.  It  is  also 
the  duty  of  this  operator  to  regulate  the  supply  of  coal  to  the 
overhanging  hoppers,  the  duty  of  the  bucket  operator  being  con- 
fined to  keeping  the  receiving  hopper  filled  with  coal.    At  Bal- 


442  COALING  PLANTS  AND  FLOATING  ORANES 

boa,  on  account  of  there  being  but  one  viaduct  track,  consider- 
ably lower  than  that  at  Cristobal,  it  was  not  necessary  to  intro- 
duce the  conveyor  belt. 

Each  stocking  and  reclaiming  bridge  consists  of  two  trusses, 
315  ft.  0  in.  center  to  center  of  end  bearings,  forming  a  through 
span  for  the  passage  of  the  conveyor  cars.  Each  bridge  supports 
two  traveling  bridge  diggers  running  on  two  pairs  of  80-lb.  rails, 
each  pair  being  2  ft.  4  in.  center  to  center  and  supported  on  the 
top  chord  of  one  of  the  bridge  trusses,  which  are  23  feet  center 
to  center.  There  is  also  provided  a  runway,  supported  on  brack- 
ets, for  the  traveling  hopper  and  chute,  which  directs  the  coal 
from  a  bridge  digger  to  the  conveyor  cars,  one  such  hopper  and 
chute  being  provided  for  each  bridge  digger.  Each  bridge  is  sup- 
ported on  four  trucks  of  16  wheels  each;  the  maximum  load  on 
any  truck,  including  its  own  weight,  is  approximately  1,030,000 
pounds.  Plate  V  gives  a  general  idea  of  the  sizes  of  and  stresses 
in  the  principal  bridge  members,  indicates  the  general  construc- 
tion of  a  truck,  and  shows  the  cross  section  of  the  bridge.  Each 
bridge  weighs  approximately  1250  tons,  exclusive  of  bridge 
diggers. 

To  minimize  breakage  of  coal  dumped  into  storage  from  the 
bridge,  a  spreader  chute  is  provided  running  on  a  track  sus- 
pended below  the  bottom  chord.  This  spreader  chute  will  be 
manually  operated  and  its  use  will  probably  be  confined  to  the 
first  formation  of  a  pile. 

The  bridge  travel  is  controlled  by  the  operator  of  one  of  the 
two  bridge  diggers.    The  maximum  speed  is  50  feet  per  minute. 
Each  end  of  the  bridge  will  be  driven  by  a  170-hp.  motor,  which 
drives  half  of  the  wheels  in  each  truck.    Since  these  are  induc- 
tion motors,  it  is  expected  that  there  will  be  but  little  tendency 
for  one  end  of  the  bridge  to  travel  faster  than  the  other;  but 
should  this  expectation  not  be  realized,  provision  has  been  made 
whereby  the  motor  driving  the  more  advanced  end  will  be  auto- 
matically shut  off,  after  a  predetermined  limit  has  been  reached, 
the  other  end  thus  being  permitted  to  catch  up.    It  is  proposed 
to  provide  large  indicating  dials  whereby  the  operator  can  know 
the  extent  to  which  the  bridge  is  out  of  square;  and  since  the 
driving  motors  are  independent  of  each  other,  he  can  bring  the 
bridge  back  to  square. 
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The  bridge  diggers  are  traveling  steel  structures  weighing 
about  125  tons  each.  They  are  required  to  develop  a  reclaiming 
capacity  averaging  500  tons  per  hour  each,  and  since  the  bucket 
is  of  but  5  tons  capacity,  the  average  time  of  one  round  trip  must 
not  exceed  36  seconds.  The  combination  of  bridge  digger  on  top 
of  bridge,  supplying  coal  to  conveyor  cars  running  through  the 
bridge,  is  one  of  the  somewhat  unusual  features  of  the  Cristobal 
coaling  plant.  The  operation  of  each  bridge  digger  is  under  the 
control  of  one  operator  stationed  on  the  digger.  His  duty  is 
rendered  comparatively  simple  by  the  swinging  boom  and  dif- 
ferential drum  arrangement,  developed  and  patented  by  the 
contractor,  whereby  the  bucket  is  constrained  to  travel  in  a  fixed 
path  for  the  upper  part  of  its  cycle,  terminating  over  the  receiv- 
ing hopper.  The  bucket  is  counterweighted,  but  without  loss  of 
digging  capacity.  Plate  VI  gives  the  general  arrangement  of  the 
bridge  digger  machinery,  and  shows  the  principal  stresses  and 
general  relationship. 

The  reloaders  take  the  place  of  the  heavy  and  expensive 
wharf  bunkers  seen  in  many  coaling  plants.  They  are  traveling 
steel  structures,  weighing  about  120  tons  each,  supported  on  four 
4-wheel  trucks  running  on  two  pairs  of  100-lb.  rails,  3  ft.  0  in. 
center  to  center,  the  distance  center  to  center  of  the  pairs  of  rails 
being  26  ft.  0  in.  The  speed  of  travel  is  50  feet  per  minute.  The 
function  of  the  reloader  is  to  receive  coal  from  the  conveying 
system  and  to  elevate  it  to  such  a  height  that  its  delivery  chute 
will  have  a  suflBciently  wide  range  of  discharge.  The  reloaders 
were  originally  intended  for  loading  colliers  and  barges,  but  sub- 
sequent developments  have  shown  the  desirability  of  also  bunk- 
ering vessels  by  their  use,  and  some  modifications  have  been 
made  in  the  original  design,  whereby  it  is  expected  that  they  will 
be  efficient  for  bunkering  vessels,  as  well  as  for  the  service  origi- 
nally intended. 

Plates  III  and  VII  show  the  general  construction  of  the 
Cristobal  reloader  and  indicate  the  size  of  the  principal  mem- 
bers. The  Balboa  reloader  is  substantially  the  same  in  all  parts 
except  the  trailing  hopper,  which  is  modified  to  fit  the  lower 
single-track  Balboa  viaduct.  It  will  be  seen  that  the  essential 
parts  are  the  receiving  hopper,  the  approach  conveyor,  which 
parallels  the  viaduct,  the  delivery  conveyor,  which  is  supported 


444  COALINQ  PLANTS  AND  FLOATING  ORANES 

on  a  hinged  boom,  and  the  delivery  chute,  which  is  telescopic  and 
hinged  to  the  outer  end  of  the  delivery  boom.  A  split  boom,  or 
A-frame,  is  provided  for  handling  the  delivery  chute  and  for 
other  lifting  service  that  may  be  required.  The  conveyor  belts 
are  42  inches  wide  and  are  run  at  a  speed  of  225  or  450  feet  per 
minute. 

The  result  of  all  this  is  a  delivery  chute  which  overhangs 
the  water.  It  can  be  lengthened  and  shortened,  inclined  out- 
wards or  inwards,  and  raised  and  lowered  bodily  through  a  very 
considerable  range,  all  under  the  control  of  one  operator  sta- 
tioned in  a  conveniently  located  cab.  This  operator  can  also  stop 
and  start  the  transport  of  coal  through  the  reloader  at  will,  and, 
by  orders  to  an  attendant  at  the  trailing  hopper,  he  can  regulate 
the  rates  of  delivery  of  the  coal,  these  rates  ranging  from  60 
tons  per  hour  minimum  to  600  tons  per  hour  maximum. 

The  conveyor  cars  are  each  driven  by  two  motors,  rated  at 
3  hp.  each,  but  actually  of  considerably  higher  power.  Three- 
phase  current  is  supplied  by  two  trolley  wires  and  through  the 
track  rails,  and  the  cars  are  started,  stopped  and  reversed  by  a 
conveniently  located  handle.  The  speed  is  200  feet  per  minute 
and  it  is  not  necessary  to  board  the  car  to  start  or  stop  it.  The 
doors  are  opened  and  closed  by  hand-operated  gearing,  and  it  is 
necessary  to  board  the  cars  to  perform  this  operation.  Each 
car  is  provided  with  a  brake,  which  may  be  operated  either  by 
hand  or  foot.  The  cars  are  double-ended,  a  platform  with  the 
requisite  handles,  levers,  etc.,  being  provided  at  each  end  of  the 
car.    The  cars  are  of  steel  construction  throughout. 

It  is  expected  that  the  cars  will  be  operated  by  a  force  of 
track  men  stationed  on  the  viaduct,  whose  duty  it  will  be  to 
stop  and  **spot"  the  cars  at  the  loading  points,  start  them,  weigh 
and  dump  them,  diflferent  gangs  performing  the  different  opera- 
tions, the  cars  traveling  unattended  from  point  to  point.  When 
the  route  to  be  traveled  by  the  cars  for  any  operation  has  been 
fixed,  it  is  unnecessary  to  throw  any  track  switches,  since  the 
cars  always  traverse  the  same  route  for  any  one  operation.  Cars 
are  deflected  on  and  off  a  stocking  and  reclaiming  bridge  by  a 
curve,  supported  principally  by  the  bridge  structure,  which 
slides  on  the  rails  of  the  inside  viaduct  track.  There  is  a  corre- 
sponding sliding  curve  in  the  trolley  system,  which  assures  a 
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supply  of  power  to  the  car  motors  at  all  times.  About  1100  feet 
of  storage  track  is  provided  for  cars  not  in  use,  by  additional 
viaduct  structure  near  the  south-west  comer  of  the  Cristobal 
plant.  At  Balboa  there  is  no  track  built  especially  for  storage, 
the  layout  being  such  that,  when  all  of  the  cars  are  not  in  use, 
sufiScient  track  is  also  not  in  use  to  accommodate  the  unused 
cars.  Eighty-eight  cars  are  being  furnished  for  Cristobal  and 
34  for  Balboa. 

Pour  viaduct  track  scales  are  provided  at  Cristobal  and  two 
at  Balboa,  so  located  that  the  cars  will  pass  over  at  least  one  of 
them  for  any  operation.  The  scales  are  semi-automatic,  requir- 
ing a  weighman  to  balance  the  arm.  When  this  is  done,  the 
weighman  prints  the  weights  on  cards  by  a  simple  operation.  It 
is  expected  to  print  these  cards  in  duplicate,  one  being  retained 
by  the  weighman,  the  other  being  placed  in  a  convenient  recep- 
tacle on  the  car,  to  be  subsequently  removed  at  the  dumping  point. 

The  wharf  bunkers  are  identical  at  the  two  plants,  neglect- 
ing differences  in  detail  of  the  belt  conveyors  supplying  them. 
Each  has  three  storage  pockets  of  500  tons  nominal  capacity 
each.  Each  wharf  bunker  will  be  of  steel  and  concrete  through- 
out, the  latter  material  forming  the  sides  and  floors  of  the  pock- 
ets. Each  bunker  will  be  provided  with  six  delivery  chutes,  two 
for  each  pocket,  which  will  have  a  wide  range  of  delivery.  The 
function  of  the  wharf  bunkers  is  to  keep  available  a  moderate 
supply  of  coal  for  tugs  and  other  small  craft,  thus  avoiding 
starting  up  the  heavy  machinery  for  each  small  consumer.  Ad- 
vantage is  taken  of  the  structure  necessary  to  support  the  wharf 
bimker  belts,  by  fitting  a  part  of  it  for  a  superintendent's  office 
at  each  plant,  this  location  affording  a  commanding  view  of  prac- 
tically all  parts  of  each  plant. 

Twenty-five  cycle  three-phase  power  is  supplied  to  each 
plant  at  2300  volts,  the  contract  work  commencing  with  the 
transformation  of  this  current  in  the  coaling-plant  substations. 
The  motors  driving  the  coal-handling  machinery  and  accessories 
are  three-phase  440- volt  induction  motors ;  the  lighting  is  at  110 
volts.  It  is  necessary  at  Balboa  to  provide  direct  current  for 
the  berm  cranes;  and  the  rotary  converters  originally  used  for 
this  purpose  in  the  lock  construction  will  be  put  into  service 
again  in  the  Balboa  sub-station. 
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The  contracts  require  the  Government  to  furnish  all  sub- 
structures and  to  re-erect  the  Balboa  berm  cranes,  this  latter  in- 
cluding the  electrical  equipment  above  mentioned.  At  Cristobal 
the  pier  formed  by  the  unloader  wharf,  end  wharf  and  reloader 
wharf  is  supported  on  concrete  cylinders,  6  feet  in  diameter,  sunk 
to  rock.  The  cylinders  are  arranged  in  bents  30  ft.  0  in.  center 
to  center  for  the  unloader  and  reloader  wharves,  and  31  ft.  6  in. 
center  to  center  for  the  end  wharf,  the  heavy  wheel  loads  of  the 
stocking  and  reclaiming  bridges  requiring  this  comparatively 
short  spacing.  The  deck  structure  supported  by  these  cylinders 
consists  of  structural  steel  girders  and  beams  encased  in  concrete, 
and  supporting  a  reinforced-concrete  deck  slab  averaging  14 
inches  in  thickness.  There  are  306  cylinders  supporting  194,000 
square  feet  of  deck  structure. 

The  unloader  and  reloader  travel  does  not  extend  south  of 
the  cylinder  pier  structure  at  Cristobal,  and  the  stocking  and 
reclaiming  bridge  tracks  are  supported  south  of  the  pier  on  a 
pile  and  concrete  structure.  The  foundations  of  the  viaduct  are 
also  supported  on  pile  and  concrete  footings,  after  leaving  the 
pier  structure. 

At  Balboa  the  unloader  wharf  is  supported  on  concrete 
piers,  25  ft.  0  in.  center  to  center,  as  indicated  on  Plate  IV.  The 
total  length  of  the  unloader  wharf  is  1052  feet,  of  which  790  feet 
is  traversed  by  the  unloaders.  The  reloader  wharf  at  Balboa 
will  be  supported  on  concrete  cylinders  similar  to  the  construc- 
tion at  Cristobal. 

Permanent  railway  connection  will  be  provided  at  each 
plant ;  at  Cristobal  the  line  crosses  the  French  canal  on  a  draw- 
bridge about  4000  feet  south  of  the  south  end  of  the  coaling 
plant.  A  standard-gauge  track  scale  will  be  provided  at  each 
coaling  plant  for  weighing  the  comparatively  small  quantity  of 
coal  which  will  be  delivered  to  railway  cars. 

At  the  date  of  writing,  approximately  60  per  cent  of  the 
Cristobal  substructure  is  completed.  At  Balboa  the  unloader 
wharf  and  berm  crane  tracks  are  practically  completed,  but  the 
cylinders  for  the  reloader  wharf  are  not  completely  placed  and 
no  decking  has  yet  been  laid. 
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FLOATING  CBANES. 

Early  in  1912  the  Isthmian  Canal  Commission  began  to  give 
consideration  to  the  purchase  of  floating  cranes,  as  a  part  of  the 
necessary  equipment  of  the  completed  Panama  Canal.  The  con- 
clusion was  reached  that  two  very  powerful  floating  cranes  would 
be  necessary,  to  meet  conditions  which  might  require  handling 
lock  and  dock  gates.  Cranes  would  also  be  needed  for  handling 
heavy  pieces  of  commercial  freight,  for  making  repairs  to  mer- 
chant vessels,  for  wrecking  service,  and  for  handling  the  heavy 
guns  and  armament  of  the  coast  fortifications.  The  cranes  should 
also  meet  the  requirements  of  the  Navy  Department  as  regards 
lifting  capacity  and  reach. 

A  study  was  made  of  the  types  of  floating  cranes  in  use  in 
the  United  States,  and  the  conclusion  was  reached  that  the  usual 
American  ** Bridge"  type  of  crane  would  not  meet  the  conditions 
of  service  as  well  as  cranes  of  the  revolving  type,  on  account  of 
the  ability  of  the  latter  type  to  plumb  the  lift  without  turning  the 
pontoon.  On  account  of  the  rigidity  of  the  ** Bridge"  type,  the 
utility  of  such  cranes  would  be  seriously  limited  by  the  com- 
paratively narrow  waterways  existing  within  the  locks,  and  the 
obstruction  of  the  narrower  parts  of  the  Canal  by  such  a  crane 
would  be  greater.  General  specifications  were  prepared,  unac- 
companied by  any  plans,  and  proposals  were  invited,  to  be  opened 
January  13,  1913. 

Four  proposals  were  received,  one  American,  one  English, 
one  Dutch,  and  one  German.  The  German  bid  was  considerably 
lower  than  any  of  the  others  and  was  accepted ;  the  cranes  were 
constructed  in  Germany,  a  representative  of  the  Commission 
being  stationed  at  the  builder's  works,  with  authority  to  approve 
all  working  drawings  and  to  inspect  all  material  and  workman- 
ship. The  cranes  were  towed  from  Germany  to  the  Isthmus  in 
the  following  state  of  completion :  the  pontoon  was  complete,  the 
fixed  tower  was  erected,  the  boiler  and  power  generating  plant 
was  in  the  pontoon  ready  for  service,  and  the  revolving  super- 
structure was  complete  except  for  the  jib,  counterweight  arm, 
spindles,  cross-head,  winch  house  and  hoisting  machinery.  Spin- 
dles and  cross-head  were  lashed  to  the  deck  of  the  pontoon.  The 
remainder  of  the  superstructure  was  shipped  to  the  Isthmus 
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"knocked  down"  and  was  erected  on  the  Isthmus.  The  cranes 
would  have  been  shipped  in  a  more  advanced  stage  of  completion 
had  not  the  underwriters  objected. 

The  jibs  were  erected  on  the  east  wall  of  the  middle  chamber 
at  Gatun  locks.  As  one  was  completed,  the  crane  to  which  it  be- 
longed was  brought  into  the  lock  chamber  and  the  water  level 
regulated  until  the  correct  relative  height  waa  obtained.  The  jib 
was  then  skidded  on  rollers  until  it  projected  sufficiently  beyond 


FU-  3-     Plnnlni  Jib  on  Oium   "AJu".    Htddlt  CIiubIht  of  (Hton  Locki. 

the  lock  wall  and  was  pinned  to  the  superstructure.  The  con- 
necting links  between  jib  and  cross-head  were  fitted  with  an  ex- 
tension, and  by  lowering  the  cross-head,  the  jib  was  raised  to 
about  the  midway  position.  The  jib  was  temporarily  secured  in 
this  position,  the  extension  removed,  and  after  raising  the  croaa- 
head  sufficiently,  the  connecting  links  were  pinned  to  the  jib. 
Fig.  3  gives  a  clear  idea  of  this  operation. 

At  the  date  of  writing,  one  crane,  the  "Hereules",  has  been 
tested  and  accepted  and  is  in  the  service  of  the  Panama  Canal. 
The  other  crane,  the  "Ajax",  is  as  yet  incomplete,  inasmuch  as 
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the  new  jib  made  to  replace  the  jib  which  failed  under  test  in 
December,  1914,  has  not  yet  been  erected.  Fig.  4  shows  the 
"Ajax"  at  work  in  Culebra  Cut  in  November,  1914,  and  Fig.  5 
shows  the  "Hercules"  holding  the  300-ton  test  load.     The  new 


rig.  t.    TiotVnt  Vttn*  "AJuc"  BcmOTtnx  Snudln  Foitlou  of  WrMkad  DillI  But* 
"TtMda".    OnUbn  Cat. 

jib  of  the  "Ajax"  will  be  erected  with  the  assistance  of  the 
' '  Hercules ' ',  and  not  on  the  lock  wall,  cm  account  of  the  increase 
in  canal  traffic. 

Plates  YIII  and  IX  show  the  general  characteristics  of  the 


>  PLOATIKO  CRANES 


cranes.  It  will  be  seen  that  each  consists  of  a  steel  pontoon  car- 
rying a  fixed  steel  tower  on  the  longitudinal  center  line  of  the 
pontoon,  but  comparatively  close  to  one  end  of  it.  This  steel 
tower,  or  fixed  superstructure,  supports  the  revolving  steel  super- 


structure, which  consists  of  two  parts,  the  "bell"  and  the  jib. 
The  bell  is  a  rectangular  framed  structure  which  envelopes  the 
tower,  revolves  about  an  axis  perpendicular  to  the  pontoon,  and 
supports  the  machinery  house,  the  operator's  cab  and  the  jib. 
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The  jib  revolves  about  an  axis  perpendicular  to  the  axis  of  revo- 
lution of  the  bell,  and  is  caused  to  revolve  about  this  axis  by  a 
pair  of  screw  spindles  which  move  a  cross-head  connected  to  the 
jib  by  two  members  or  '* links". 

The  general  construction  of  the  pontoon  is  indicated  on 
Plate  VIII,  from  which  it  will  be  seen  that  it  is  of  steel  construc- 
tion throughout,  150  ft.  2%  in.  (45.78  m.)  long  by  88  feet  9%  in. 
(27.07  m.)  wide,  by  15  feet  9  inches  (4.8  m.)  deep  at  each  side. 
The  deck  is  canibered,  making  the  center  line  depth  12  inches 
(305  mm.)  greater.  The  main  framing  of  the  pontoon  consists 
of  four  longitudinal  bulkheads,  continuous  for  its  entire  length, 
and  six  transverse  bulkheads,  all  of  which  have  continuous  plate 
webs.  These  bulkheads  subdivide  the  pontoon  into  15  internal 
compartments  and  16  external  compartments;  these  latter  are 
water-tight  and  are  further  subdivided  to  make  a  total  of  26  such 
compartments,  which  extend  completely  around  the  periphery 
of  the  pontoon.  The  internal  compartments  are  not  calked  and 
there  is  no  double  bottom.  Each  compartment  is  provided  with 
a  manhole  and  its  floor  is  drained  to  a  sump,  whence  any  accumu- 
lation of  water  may  be  removed  by  a  pump.  The  stability  is  such 
that  when  two  adjacent  water-tight  compartments  are  flooded, 
the  crane  will  still  safely  carry  the  maximum  rated  loads. 

The  principal  stresses  in  the  fixed  and  revolving  super- 
structure, and  the  sections  of  the  principal  members,  are  indi- 
cated on  Plate  X.  The  fixed  superstructure  or  tower  is  riveted 
to  the  pontoon  framing,  and,  since  the  deck  of  the  pontoon  is 
practically  unbroken,  it  acts  as  an  eflBcient  box  girder.  The 
average  freeboard  of  the  unloaded  crane  is  about  8.26  feet  (2516 
mm.).  During  the  acceptance  tests  of  the  ** Hercules"  the  mini- 
mum freeboard  was  2.84  feet  (865  mm.)  for  the  loaded  crane 
without  deck  load,  2.23  feet  (679  mm.)  for  the  loaded  crane  with 
300  gross  tons  deck  load,  and  1.25  feet  (381  mm.)  for  the  loaded 
crane  without  deck  load  but  with  two  pontoon  compartments 
flooded.  The  maximum  longitudinal  inclination  of  the  pontoon  is 
2  degrees  5  minutes  and  the  maximum  transverse  inclination  is 
4  degrees  34  minutes,  for  loads  within  the  rated  capacity  of  the 
crane.  The  maximum  inclination  observed  during  the  over- 
load tests  of  the  ** Hercules"  was  5  degrees  25  minutes. 

Prom  the  structural  viewpoint,  the  detail  of  greatest  import^ 
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ance  is  the  **king'',  which  transmits  the  loads  from  the  revolving 
superstructure  to  the  tower.  This  detail  is  indicated  on  Plate 
XI,  from  which  it  will  be  seen  that  the  '*king''  is,  in  effect,  a 
combination  ball  and  socket  and  collar  bearing,  the  former  being 
for  the  vertical  component  and  the  latter  for  the  horizontal  com- 
ponent of  the  load.  There  is,  of  course,  an  equal  and  opposite 
horizontal  component  applied  at  the  base  of  the  tower.  This 
component  is  applied  through  rollers  which  bear  on  a  horizontal 
annular  girder  secured  to  the  base  of  the  tower.  The  rollers  are 
attached  to  the  bell  in  pairs,  each  pair  being  set  in  an  equalizer 
to  assure  equality  of  bearing. 

The  *'king"  receives  its  load  from  a  **king  girder",  located 
at  the  top  of  the  bell,  through  the  buttress  threads  indicated  on 
Plate  XI.  The  actual  revolution  takes  place  on  a  ring  of  conical 
rollers,  so  connected  as  to  permit  a  slight  degree  of  axial  move- 
ment by  any  individual  roller,  thus  distributing  the  load  sub- 
stantially uniformly  on  the  rollers.  The  whole  ''king  bearing" 
is  immersed  in  an  oil  bath. 

The  stability  of  the  crane  is  quite  independent  of  moving 
counterweights  or  water  ballast.  There  is  a  fixed  counterweight 
in  the  after  end  of  the  pontoon,  another  fixed  counterweight 
under  the  machinery  house  supported  by  the  bell,  and  a  third  on 
the  cross-head.  By  this  arrangement  the  operator  is  not  con- 
cerned with  the  amount  or  location  of  the  counterweight,  thus 
avoiding  all  danger  of  capsizing  backwards,  should  a  hoisting 
line  or  sling  part  when  a  maximum  load  was  being  handled. 

An  area  20  ft.  by  60  ft.  of  the  pontoon  deck  is  made 
especially  strong,  being  capable  of  carrying  a  superimposed  load 
of  2000  lbs.  per  square  foot.  This  area  is  intended  for  the  recep- 
tion of  deck  loads  up  to  a  total  of  300  gross  tons ;  thus  the  cranes 
can  carry  very  heavy  and  bulky  loads  on  their  decks  when  de- 
sired, rendering  unnecessary  the  use  of  barges,  etc.,  for  this 
purpose. 

The  motions  and  hoists  are  actuated  by  electric  motors  dri- 
ving suitable  shafting,  gearing,  and  drums.  Power  is  supplied  by 
a  steam-driven  generating  plant  located  in  the  after  part  of  the 
pontoon  below  its  deck.  From  this  generating  station  direct  cur- 
rent, at  not  more  than  220  volts,  is  led  to  the  machinery  room 
and  operator's  cab  on  the  bell,  sliding  contacts  being  provided 
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has  nothing  to  do  with  the  control  of  the  various  motions,  except 
to  throw  certain  clutches  when  it  is  desired  to  effect  a  funda- 
mental change  in  the  gearing. 

The  pontoon  is  not  self-propelling,  and  is  given  a  slight 
dead-rise  fore  and  aft  to  facilitate  towing.  It  is  equipped  with 
four  steam  capstans  and  with  bitts,  cleats  and  chocks  for  lines, 
and  is  protected  by  a  system  of  wooden  fenders.  Each  crane  is 
electrically  lighted  and  provided  with  a  search  light.  There  is 
speaking-tube  connection  between  the  operator's  cab  and  the  ma- 
chinery house,  and  telephone  connection  between  the  operator's 
cab  and  the  power  generating  station  in  the  pontoon.  The  ope- 
rator's cab  is  provided  with  indicators,  to  show  the  inclination  of 
the  crane,  and  the  reach  and  corresponding  rated  capacity  of  the 
jib.  Inclination  indicators  are  also  provided  in  the  machinery 
house  and  power  station,  and  all  parts  are  rendered  conveniently 
accessible  by  stairways,  ladders  and  walkways. 

Each  crane  is  provided  with  a  main  hoist  and  an  auxiliary 
hoist.  The  main  hoist  is  fixed  at  the  point  of  the  jib  and  con- 
sists of  two  blocks,  each  of  a  rated  capacity  of  125  gross  tons. 
These  two  blocks  can  be  linked  together  by  means  of  an  **  equalizer 
bar",  which  is  equipped  with  a  hook  of  250  gross  tons  rated 
capacity ;  thus  the  two  individual  blocks,  when  so  connected,  form 
one  hoist  of  250  gross  tons  capacity,  since  the  two  blocks  are 
lifted  and  lowered  at  equal  speeds  by  mechanical  connections 
with  the  machinery  house.  When  the  two  blocks  are  not  so  con- 
nected, one  may  be  raised  or  lowered,  while  the  other  is  held  sta- 
tionary ;  but,  if  both  are  moved  simultaneously,  they  must  move  in 
the  same  direction  and  at  the  same  speed.  Under  the  acceptance 
tests,  the  ** Hercules"  met  the  contract  speed  requirements  with- 
out exceeding  the  rated  capacity  of  the  motors.  These  speeds  are 
as  follows: 

With  250  tons  load  3.5  feet  per  minute 

With  125  tons  load  7.0  feet  per  minute 

With  621/^  tons  load  14.0  feet  per  minute. 

The  speed  of  raising  or  lowering  the  unloaded  blocks  was 
similarly  found  to  be  20  feet  per  minute. 

The  term  '  *  hook ' '  is  used  above,  although  for  the  main  hoist 
this  part,  as  actually  furnished,  is  triangular  in  form.  For  the 
auxiliary  hoist,  the  ' '  hook ' '  is  double  barbed.    All  hooks  are  pro- 
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vided  with  ball-bearings,  so  that  the  suspended  load  may  be  re- 
volved without  twisting  the  suspending  lines. 

Each  block  of  the  main  hoist  is  suspended  in  ten  parts  of 
2-inch  (52  mm.)  steel  rope.  The  block  sheaves  and  guide  sheaves 
are  63  inches  in  diameter,  while  the  actuating  drums,  which  are 
arranged  in  pairs,  are  also  63  inches  in  diameter.  These  latter 
drums  are  indicated  on  Plates  IX  and  XI,  from  which  it  will  be 
seen  that  they  are  comparatively  short,  permitting  only  9  wraps 
of  line.  This  is  of  considerable  advantage,  inasmuch  as  a  com- 
pact arrangement  of  machinery  in  the  machinery  house  results ; 
and,  in  order  to  take  care  of  the  considerable  amount  of  rope  nec- 
essary to  obtain  the  heights  and  depths  of  the  main  hoist,  a  stor- 
age drum  is  provided  for  each  pair  of  actuating  drums,  located 
below  the  machinery  house  floor.  Each  storage  drum  is  driven 
by  its  corresponding  pair  of  actuating  drums  in  such  manner 
that  the  rope  comes  to  the  storage  drum  under  very  little  tension, 
thereby  permitting  it  to  be  coiled  in  successive  layers  without 
injury,  while  the  storage  drum  itself  has  a  reciprocating  axial 
motion  which  coils  the  rope  neatly  and  eliminates  fouling. 

During  the  acceptance  tests  of  the  *' Hercules",  the  follow- 
ing reaches  were  attained,  without  deck  load  or  appreciable  wind : 

Beach 
Load  Over  side         Over  end 

250  tons 22.4  ft.  22.9  ft. 

150  tons 62.4  ft.  61.0  ft. 

100   tons 81.6  ft.  81.1  ft. 

(Tons  of  2240  lbs.) 

The  maximum  height  above  water  of  hook  on  equalizer  bar 
is  as  follows : 

In  100-ton  position  126  feet 
In  150- ton  position  154  feet 
In  250-ton  position  182  feet. 

The  term  '  *  position ' '  refers  to  that  combination  of  radius  of 
jib  and  inclination  of  pontoon  which  gives  the  reach  shown  in 
the  table  above.  The  term  *' reach''  means  the  horizontal  dis- 
tance from  vertical  through  hook  to  face  of  timber  fender  on 
pontoon.  There  is  suflBcient  rope  provided  to  allow  the  hook  on 
the  equalizer  bar  to  descend  to  a  point  30  feet  below  the  water 
surface,  when  the  jib  is  in  the  250-ton  position. 
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The  main  hoist  capacities  above  referred  to  are  the  rated 
capacities  of  the  crane.  The  contract  required  the  cranes  to  with- 
stand test  loads  20  percent  in  excess  of  the  rated  loads  in  each 
case. 

The  auxiliary  hoist  has  a  rated  capacity  of  15  gross  tons  and 
was  tested  at  33  percent  excess  load.    As  shown  on  Plate  IX,  it  is 
swung  from  a  carriage,  or  *'crab'*,  which  runs  on  a  track  sus- 
pended from  the  lower  chord  of  the  jib.    The  block  is  hung  in 
two  parts  of  l^^-inch  (38  mm.)  steel  rope.    The  block  and  guide 
sheaves  are  51  inches  in  diameter,  and  the  actuating  drum  is  49.5 
inches  in  diameter  by  50  inches  long.     The  **crab"  is  moved 
along  the  runway  by  a  1%-inch  (42  mm.)  steel  rope,  actuated  by 
a  drum  50  inches  in  diameter  by  30  inches  long.    The  hoisting 
drum  and  trolleying  drum  are  moved  by  one  pair  of  electric 
motors,  the  trolleying  drum  being  thrown  into  and  out  of  me- 
chanical connection  with  the  motors  by  a  clutch  worked  by  the 
operator  in  his  cab.    The  reeve  of  the  hoisting  rope  is  such  that 
when  the  crab  is  trolleyed  in  or  out,  the  block  moves  parallel  to 
the  runway  on  the  jib,  i.  e.,  it  is  impossible  to  trolley  and  hoist 
simultaneously.    The  lack  of  this  ability  is  not  objectionable,  and 
the  mechanical  installation  is  thereby  rendered  more  compact. 
There  is  no  storage  drum  for  the  auxiliary  hoist,  the  actuating 
drum  being  of  sufficient  length  to  coil  the  entire  line  in  one  wrap. 
The  hoisting  and  trolleying  ropes  are  led  to  the  jib  by  sheaves, 
so  located  that  there  is  no  movement  of  the  auxiliary  hoist  if  its 
lines  be  held  stationary  while  the  jib  is  luffed  in  or  out.    During 
the  acceptance  tests  of  the  ** Hercules",  the  fully  loaded  auxiliary 
hoist  attained  the  contract  speeds  without  loading  the  motors 
beyond  their  rated  capacity,  these  speeds  being  40  feet  per  minute 
for  raising,  lowering  and  trolleying.    The  corresponding  speed 
for  the  unloaded  hoist  is  80  feet  per  minute.    The  auxiliary  hoist 
can  be  operated  at  rated  capacity  with  the  jib  at  any  inclination, 
and,  since  the  jib  is  capable  of  complete  revolution  around  the 
vertical  axis,  both  the  main  hoist  and  auxiliary  hoist  command 
the  circular  area  so  described. 

The  slewing  of  the  jib  is  effected  by  two  electric  motors,  each 
actuating  gearing,  which  terminates  in  a  pinion,  which  engages 
a  circular  rack  secured  to  the  base  of  the  bell.  Plate  VIII  indi- 
cates the  general  location  of  the  slewing  mechanism,  from  which 
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it  will  be  seen  that  the  pinioDS  are  eflfective  at  opposite  ends  of 
the  same  diameter  of  the  rack,  the  motors  and  gearing  being  sup- 
ported by  the  base  of  the  fixed  tower  rather  than  by  the  revolv- 
ing bell.  This  arrangement  reduces  the  twisting  stresses  in  the 
bell,  but  either  of  the  two  slewing  units  is  capable  of  revolving  the 
loaded  superstructure,  though  of  course  at  reduced  speed.  Be- 
tween each  motor  and  its  pinion  there  is  introduced  a  friction 
clutch  which  is  set  to  a  predetermined  strength.  The  object  of 
this  clutch  is  to  minimize  the  extent  of  damage,  should  the  jib 
strike  an  obstruction  while  slewing,  or  be  struck  by  a  moving 
object,  as,  for  example,  the  upper  works  of  a  ship.  If  the  jib 
were  held  immovable  by  the  brakes  on  the  motors,  something 
would  probably  have  to  give  way  in  such  a  contingency ;  the  de- 
tail here  provided  allows  the  friction  to  give. 

In  the  acceptance  tests  the  jib  made  one  complete  revolution 
around  its  vertical  axis  in  5  minutes  under  the  most  favorable 
condition,  and  in  8  minutes  under  the  most  unfavorable  condi- 
tion. In  addition  to  the  inertia  of  the  weights  to  which  motion 
must  be  imparted  in  slewing,  the  force  required  to  slew  is  de- 
pendent on  the  amount  of  friction  at  the  bearings  at  the  top  and 
bottom  of  the  fixed  tower.  There  is  a  combination  of  dead 
weights  and  load  for  which  there  is  theoretically  no  resultant 
over-turning  moment  of  the  jib  and  bell,  in  which  case  the  load 
on  the  tower  consists  of  only  a  vertical  force  equivalent  to  the 
weights,  i.  e.,  there  are  no  horizontal  forces  acting  on  the  tower. 
The  work  required  of  the  slewing  mechanism  is  then  a  minimum 
if  no  wind  be  blowing.  There  is  also  another  combination  of 
fixed  weights  and  suspended  load  which  makes  the  horizontal 
forces  maximum,  and  under  these  conditions  the  slewing  mechan- 
ism must  perform  its  severest  duty. 

The  luffing  of  the  jib  is  effected  by  the  same  pair  of  motors 
which  actuates  the  main  hoist,  the  luffing  mechanism  being 
thrown  into  and  out  of  mechanical  connection  with  the  hoisting 
mechanism  by  a  clutch  worked  by  the  operator  from  his  cab. 
Plate  XI  shows  the  general  arrangement  of  this  mechanism,  and 
also  shows  those  parts  which  are  in  use  when  the  hoist,  only,  is 
in  operation,  and  when  both  the  hoist  and  the  luffing  mechanism 
are  being  worked.  The  mechanical  relations  are  such  that  if  the 
jib  is  being  luffed  in,  the  suspended  load  is  lowered,  and  vice 
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versa;  the  result  of  this  is  that  the  load  moves  on  practically  a 
horizontal  line,  and  the  required  power  is  less  than  what  would 
be  required  were  the  suspended  load  not  lowered,  but  lifted  along 
with  the  jib.  This  also  results  in  a  very  compact  arrangement  of 
the  machinery.  Plate  XI  also  shows  the  detail  of  the  thrust 
bearing  at  the  bottom  of  each  of  the  screw  spindles,  and  indicates 
the  manner  in  which  the  stresses  are  transmitted  between  the 
spindles  and  the  cross-head.  It  is  essential  that  uncertainties  and 
secondary  stresses  be  avoided  to  the  fullest  extent  in  this  part  of 
the  mechanism.  It  will  be  seen  that  the  thrust  bearing  is  effect- 
ive for  either  an  upward  or  a  downward  force,  since  in  the  most 
nearly  vertical  position  of  the  jib  there  may  be  a  compressive 
force  in  the  screw  spindles ;  this  force  is  small  in  comparison  with 
the  tension  in  the  spindles.  The  combination  of  spherical  and 
roller  bearings  at  the  lower  end  of  the  spindles  effectively  pre- 
vents any  bending  in  them  and  reduces  to  a  minimum  the  power 
necessary  to  revolve  them.  The  connection  of  the  spindles  to  the 
cross-head  is  by  means  of  a  nut  which  is  provided  with  spherical 
bearing  surfaces.  The  upper  end  of  each  spindle  is  not  rigidly 
secured  to  the  superstructure,  but  is  held  by  a  combination  of 
springs,  in  such  maimer  that  it  is  free  to  move  to  a  sufficient  ex- 
tent to  avoid  bending  stresses. 

The  **heer'  of  the  jib,  i.  e.,  the  point  where  it  is  supported 
on  the  bell,  is  also  provided  with  a  spherical  bearing,  thus  per- 
mitting elastic  deformations.  The  revolution  of  the  jib  is,  how- 
ever, about  a  cylindrical  pin,  the  axis  of  which  is  coincident  with 
the  axis  of  the  spherical  bearing. 

In  the  acceptance  tests  of  the  ** Hercules",  the  unloaded  jib 
was  fully  luffed  in  in  9  minutes  and  fully  luffed  out  in  6  minutes. 
The  jib  loaded  with  100  gross  tons  was  fully  luffed  in  in  13.5  min- 
utes and  fully  luffed  out  in  11  minutes. 

Steam  is  furnished  by  a  Scotch  marine  boiler  at  175  pounds 
per  square  inch  working  pressure.  The  power  generating  sta- 
tion consists  of  one  58-kw.  and  one  116-kw.  direct-current  gen- 
erator, both  direct  connected  to  one  marine-type  compound  en- 
gine, all  mounted  on  a  single  cast  bedplate.  The  current  for 
exciting  the  fields  of  these  two  generators  is  furnished  by  a  17-kw. 
steam-driven  marine-type  auxiliary  set,  which  furnishes  direct 
current  at  a  constant  voltage  of  220.    The  current  generated  by 
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this  auxiliary  set  is  also  used  in  the  control  system  and  for  the 
electric  lighting.  The  steam  engines  are  run  condensing, — the 
necessary  condensers,  circulating  system,  and  feed  pump  being 
provided. 

The  main  hoist  is  driven  by  two  66-hp.  motors  which  also 
drive  the  jib  lufBng  mechanism  when  connected  as  above  de- 
scribed. The  auxiliary  hoist  is  driven  by  two  30-hp.  motors,  and 
each  slewing  mechanism  by  one  30-hp.  motor;  thus  there  are  six 
motors,  four  of  which  are  arranged  in  pairs. 

The  speed  control  is  effected  by  an  adaptation  of  the  *'Ward 
Leonard"  system,  and  dynamic  braking  is  used  in  lowering  loads. 

By  means  of  rheostatic  resistances,  the  exciting  current  fur- 
nished by  the  17-kw.  set  to  the  fields  of  the  58-kw.  and  116-kw. 
power  sets  is  increased  or  diminished,  thus  regulating  the  voltage 
and  current  furnished  by  the  power  generators,  and  correspond- 
ingly regulating  the  speed  of  the  motors,  from  zero  to  the  rated 
number  of  motor  revolutions.  Further  speed  control  of  the  mo- 
tors is  effected  by  weakening  the  motor  fields,  a  speed  up  to  twice 
the  rated  speed  being  thus  obtained.  Plate  XI  indicates  the 
general  arrangement  of  the  control  apparatus  in  the  operator's 
cab,  from  which  it  will  be  seen  that  there  are  two  sets  of  throw- 
over  switches  and  two  controllers,  one  for  the  control  of  the  58- 
kw.  power  generator,  the  other  for  the  control  of  the  116-kw. 
power  generator.  Each  throw-over  switch  has  three  positions, 
marked  **main  hoist",  ** auxiliary  hoist",  and  ''slewing".  Each 
controller  has  52  points,  26  for  **up"  and  26  for  **down".  Six- 
teen points  of  each  26  are  for  regulating  the  voltage  of  the  gen- 
erator, the  remaining  ten  points  being  for  weakening  the  motor 
fields.  **Up"  and  *'down"  of  course  do  not  apply  to  slewing; 
when  the  slewing  motors  are  driven,  the  movement  of  the  con- 
troller handle  is  in  the  same  sense  as  the  resultant  slewing  move- 
ment. 

By  this  arrangement  of  control,  it  is  not  necessary  to  handle 
large  currents  through  the  controllers,  and  the  resultant  installa- 
tion is  very  compact  and  convenient,  and  there  is  less  wear  and 
tear  of  the  control  equipment.  The  speed  can  be  varied  by  small 
increments,  which  is  most  advantageous  in  handling  heavy  and 
bulky  loads  in  cramped  quarters.  The  operator  has  immediate 
and  complete  control  over  all  motions,  and  can  control  any  two 
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motions  simultaneously,  as,  for  example,  main  hoist  and  auxiliary 
hoist,  and  either  hoist  combined  with  slewing.  He  can  also  luff 
in  or  out  when  the  main  hoist  is  connected.  All  the  operations 
of  which  the  crane  is  capable  can  be  effected  by  either  the  58-kw. 
or  the  116-kw.  power  generator,  but,  for  the  main  hoist,  only  half 
the  maximum  load  can  be  handled  by  the  smaller  generator.  In- 
terlocks are  provided,  so  that  one  group  of  motors  cannot  be  con- 
nected to  both  power  generators  at  the  same  time,  and  also  so 
that  the  throw-over  switch  cannot  be  operated  until  its  respective 
controller  is  at  zero  point.  Large  precise  ammeters  and  volt- 
meters are  provided  in  the  operator's  cab,  so  that  he  may  know 
the  output  of  each  generator  at  any  time  and  avoid  overloading. 

When  the  load  is  lowered,  the  motors  act  as  generators  and 
send  current  back  into  the  line,  thus  tending  to  drive  the  gene- 
rators and  the  steam  engine.  In  order  that  the  engine  may  not 
be  overhauled,  ballast  resistance  is  automatically  cut  into  the  line, 
but  only  when  one  of  the  controllers  is  set  for  lowering  and  the 
other  is  not  in  use,  or  when  both  controllers  are  set  for  lowering. 
When  a  load  is  lowered  simultaneously  with  any  operation  requir- 
ing power,  the  energy  of  the  sinking  load  is  utilized  and  resist- 
ances are  not  necessary. 

The  ability  to  exchange  duty  between  the  two  generators, 
and  the  arrangement  of  motors  in  pairs,  give  considerable  in- 
surance against  complete  breakdown.  If  the  17-kw.  auxiliary 
generator  should  break  down,  the  58-kw.  power  generator  can 
be  used  to  furnish  excitation  to  the  116-kw.  power  generator. 
Connections  are  also  provided  for  taking  lighting  and  excitation 
current  from  an  external  source.  Overload  circuit  breakers  and 
other  protective  devices  are  provided,  as  well  as  limit  switches. 
These  latter  are  furnished  for  limiting  the  luflSng  of  the  jib  both 
in  and  out,  for  limiting  the  troUeying  of  the  auxiliary  hoist,  and 
the  downward  travel  of  the  main  hoist  and  the  auxiliary  hoist. 
The  limit  switches  are  automatically  reset  when  the  travel  is 
reversed. 

The  '*Ajax''  was  the  first  of  the  cranes  to  be  completed  and 
was  offered  for  test  December  1,  1914.  The  crane  withstood  suc- 
cessfully the  100-ton  normal  load  test  and  met  the  requirements 
as  to  speeds.  While  the  test  load,  increased  by  20  percent  as 
specified  by  the  contract  for  the  overload  test,  was  suspended, 
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the  back  of  the  jib  collapsed,  with  the  attendant  fall  of  the  whole 
jib.*  The  contractor  expressed  such  confidence  in  his  design  that 
he  offered  to  subject  the  "Hercules"  to  exactly  the  same  condi- 
tions as  those  under  which  the  jib  of  the  ''Ajax"  collapsed.  In 
view  of  the  circumstances,  The  Panama  Canal  was  unwilling  to 
permit  this  to  be  done  without  reinforcing  certain  members  of 
the  jib,  which  point  of  view  was  also  taken  by  the  underwriters. 
The  members  were  reinforced  in  accordance  with  drawings  made 
by  The  Panama  Canal,  and,  when  the  reinforcement  was  com- 
pleted the  ** Hercules"  was  again  offered  for  test.  The  contract 
required  a  very  comprehensive  and  searching  set  of  tests.  The 
normal  loads  of  100  tons,  150  tons  and  250  tons  were  suspended 
from  the  main  hook  with  and  without  300  tons  deck  load.  All 
operations  were  performed  individually  and  simultaneously.  Two 
adjacent  water-tight  compartments  were  flooded  and  the  crane 
remained  stable  with  the  rated  loads  at  rated  reaches  and  in  all 
positions.  With  10  percent  excess  loads,  at  rated  reaches,  com- 
plete revolutions  were  made.  Twenty  percent  excess  loads  were 
suspended  at  rated  reaches.  Exhaustive  tests  were  made  with 
rated  loads  on  individual  main  hooks,  and  with  the  auxiliary 
hoist  and  trolley.  The  ''Hercules"  met  the  contract  require- 
ments fully,  and  has  since  proved  to  be  a  very  valuable  addition 
to  the  Canal  equipment. 

*  Since  the  foregoing  was  written,  the  ^^Ajax"  has  successfully 
passed  acceptance  tests  even  more  comprehensive  than  those  to  which  the 
<^ Hercules"  was  subjected,  and  was  taken  into  service  by  the  Panama 
Canal  in  the  latter  part  of  September,  1915. 
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Several  features  pertaining  to  the  aids  to  navigation  for  the 
Panama  Canal,  both  in  the  layout  of  the  system  and  in  the  con- 
struction of  the  various  towers  and  beacons,  are  interesting,  in 
that  similar  conditions,  it  is  believed,  have  not  obtained  hereto- 
fore in  the  lighting  and  buoying  of  similar  waterways. 

In  most  cases,  the  waterways  had  heretofore  been  in  exist- 
ence, and  were  improved  from  time  to  time  to  meet  the  demands 
of  increased  commerce  and  deep-draft  vessels  by  dredging  chan- 
nels which  would  connect  the  existing  deeper  waterways,  thus 
forming  a  complete  channel  between  two  larger  bodies  of  water, 
or  between  a  large  body  of  water  and  an  inner  harbor  bajsin. 
The  aids  to  navigation  which  had  previously  been  in  use  in  such 
waterways  were  merged  with  the  newer  aids  established  to  mark 
the  improved  channels,  thus  necessarily  limiting  the  scope  for 
comprehensive  and  modern  design. 

On  the  Isthmus  of  Panama,  however,  an  entirely  new  water- 
way from  ocean  to  ocean  was  created,  which  permitted  the  estab- 
lishment of  an  independent  system  of  aids  to  navigation  along 
that  waterway,  and  the  adoption  of  the  newest  and  best  ideas. 
Inasmuch  ajs  the  general  system  is  similar  in  most  respects  to 
that  employed  in  other  waterways  throughout  the  United  States, 
this  paper  will  deal  only  with  such  features  as  are  believed  to  be 
new.    The  system  in  general  consists  of: 

16  lighted  ranges  (each  range  consisting  of  two  towers) 

46  lighted  beacons 

59  lighted  buoys 
7  unlighted  target  ranges 

81  spar  buoys  and  stakes 

11  reference  targets 
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The  ranges  are  used  to  establish  direction  on  the  longer 
tangents  of  the  Canal,  and  the  beacons  and  buoys  to  mark  the 
sides  and  turns  of  the  channels. 

In  the  preparation  of  the  project  for  lighting  and  buoying 
the  Canal,  careful  consideration  was  given  the  subject  of  the  po- 
sition which  the  ranges  should  occupy  with  respect  to  the  axis  of 
the  Canal.  It  is  believed  that  in  all  the  ranges  heretofore  estab- 
lished, the  lines  have  coincided  with  the  axes  of  the  dredged 
channels.  From  past  experience,  it  was  found  that  in  narrow, 
dredged  channels,  particularly  such  as  in  the  St.  Marys  River, 
masters  of  ships  passing  each  other  would  invariably  turn  out 
from  the  range  as  little  as  possible,  thereby  allowing  scarcely 
enough  room  between  the  passing  vessels  for  safe  navigation; 
and  in  that  waterway  it  was  a  common  occurrence  for  the  master 
of  a  large  vessel  to  hold  the  range  and  force  the  master  of  the 
smaller  vessel  to  turn  out,  thus  jeopardizing  the  smaller  vessel. 

It  was  desired  to  overcome  this  objectionable  feature  on  the 
Panama  Canal  and  the  solution  appeared  to  be  the  placing  of  all 
ranges,  except  those  at  the  entrances  to  the  Canal,  in  such  posi- 
tions that  the  sailing  lines  marked  by  them  will  carry  vessels 
from  100  to  125  feet  to  their  starboard  of  the  axis  of  the  Canal ; 
thus,  in  channels  500  feet  wide,  two  passing  ships,  if  on  their 
ranges,  will  have  their  center  lines  200  feet  apart,  and  in  chan- 
nels 800  to  1000  feet  wide,  they  will  have  their  center  lines  250 
feet  apart,  giving  ample  space  between  the  two  ships,  and  mini- 
mizing the  danger  of  the  ships  being  brought  together  by  suction. 
In  the  channels  which  are  only  500  and  800  feet  wide,  the  pilot, 
if  his  ship  is  large  and  difficult  to  handle,  need  not  necessarily 
keep  dead  on  the  range  ahead,  but  he  may  keep  the  range  slightly 
open  to  his  port,  and  thereby  follow  more  nearly  the  axis  of  the 
Canal;  but  in  passing  an  approaching  ship,  the  range  in  this 
case  serves  to  indicate  how  far  he  can  safely  turn  out.  The 
ranges  at  the  entrances  to  the  Canal  were  placed  on  the  axes  of 
their  respective  channels  because  both  incoming  and  outgoing 
ships  must  depend  upon  the  single  range,  the  incoming  ship  using 
the  range  ahead,  and  the  outgoing  ship  the  same  range  astern. 
The  range  lights  were  omitted  in  Culebra  Cut  because  of  the 
topography  in  that  region,  the  hills  being  so  steep  that  a  sufficient 
horizontal  distance  between  the  two  lights  could  not  be  secured 
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to  make  the  range  usable.  They  were  also  omitted  on  four  of 
the  shorter  tangents  throughout  the  rest  of  the  Canal,  because 
a  ship,  after  making  the  turn  into  such  a  reach,  would  have  to 
make  its  next  turn  by  the  time  a  range  ahead  would  be  of  any 
benefit  to  it.  However,  in  this  short  radius,  target  ranges,  con- 
sisting of  two  concrete  tripods,  were  placed  at  convenient  points 
on  either  end  of  the  prolongation  of  the  axis  of  the  Canal,  pri- 
marily to  mark  permanently  the  axis  for  future  dredging  pur- 
poses and  also  to  reference  the  locations  of  gas  buoys  in  their 
vicinity;  but  they  may  also  be  used  by  day  to  guide  ships 
through  those  passages. 

When,  for  any  reason  the  ranges  are  not  visible,  the  pilot 
must  depend  entirely  upon  his  compass  and  the  side  lights  and 
unlighted  spar  buoys,  which  mark  the  sides  of  the  channel. 
These  side  lights,  as  in  other  waterways,  consist  of  lighted  bea- 
cons and  gas  buoys,  the  former  used  wherever  a  foundation 
could  be  constructed,  either  above  or  below  the  water;  and  the 
latter,  wherever  there  was  sufiScient  depth  of  water.  These 
beacons  and  buoys  were  placed  at  all  turning  points  and  at  con- 
venient intervals  along  the  sides  of  the  channels,  in  pairs,  two 
abreast,  and  are  in  general  about  one  mile  apart.  The  unlighted 
spar  buoys  are  placed  in  line  with  the  beacons  and  gas  buoys  and 
midway  between  them. 

The  unreliable  nature  of  the  soil  and  the  handling  of  dredges 
up  to  the  toe  of  the  Canal  prism,  where  future  dredging  is  re- 
quired, necessitated  placing  all  beacons  and  buoys  from  30  to  50 
feet  outside  the  toe  of  the  channel  bank.  For  example,  at  the 
Atlantic  and  Pacific  entrances,  from  sea  to  Oatun  and  Mirafiores, 
respectively,  where  soft  alluvial  soil  was  encountered,  the  beacons 
and  buoys  were  placed  on  a  line  50  feet  outside  the  toe  of  the 
channel  banks,  and  in  Oatun  Lake,  Culebra  Cut  and  Mirafiores 
Lake,  they  were  placed  30  feet  outside. 

The  location  of  the  individual  range  towers  was  governed 
by  the  alignment  of  the  Canal  and  the  shores  of  Oatun  Lake, 
Panama  and  Limon  bays.  At  the  time  the  project  for  provid- 
ing aids  to  navigation  was  being  prepared,  Oatun  Lake  was  not 
in  existence,  the  small  amount  of  water  then  in  the  Oatun  Lake 
basin  (elevation  +14  ft.)  only  making  the  heretofore  existing 
swamps  more  difficult  to  negotiate  by  the  surveying  parties,  who 
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were  subsequently  to  enter  that  field.  Except  in  the  swamp 
areas,  all  this  basin  was  covered  with  large  trees  and  dense  jungle 
growth,  presenting  a  formidable  barrier  to  the  men  who  were 
to  deliver  the  material  for  the  lighthouses  and  their  foundations. 
In  that  part  of  the  basin,  from  Gatun  to  the  former  site  of  Tab- 
emilla,  little  excavation  for  the  Canal  was  required,  but  a  zone 
having  the  dimensions  and  shape  of  the  Canal,  had  been  cleared 
of  all  trees  and  jungle  growth,  thus  forming  a  clear  channel  after 
the  lake  reached  its  mean  level.  To  obtain  the  location  of  the 
range  towers  in  this  region,  it  was  first  necessary  for  the  survey- 
ing parties  to  cut  trochas,  or  lines,  in  prolongation  of  each  tan- 
gent of  the  Canal  up  to  the  85-ft.  contour,  that  being  the  proposed 
mean  lake  level ;  then  offset  100  to  125  ft.  to  right  or  left  of  the 
axis,  as  the  case  may  be,  and  continue  the  line  until  a  sufficient 
distance  had  been  obtained  between  the  proposed  sites  of  the 
front  and  rear  towers  forming  the  range.  This,  in  some  cases, 
as  may  be  seen  on  any  map  of  the  Canal,  necessitated  running 
lines  16,000  ft.  from  the  point  of  intersection  of  the  Canal  to  the 
rear  tower,  and  over  a  rough  and  hilly  country.  The  sites  having 
been  thus  tentatively  selected,  gangs  of  men  were  set  to  work 
clearing  out  the  trees  below  the  85-ft.  contour,  whose  tops  would 
project  above  the  lake  surface,  and  also  the  trees  and  under- 
growth above  the  85-ft.  contour  to  a  point  50  ft.  in  rear  of  the 
rear  tower,  the  theoretical  shape  of  the  clearing  being  a  polygon, 
the  length  of  the  base  of  which  was  the  width  of  the  Canal,  the 
top  400  ft.,  and  the  sides  from  2800  ft.  to  about  16,000  ft.  This 
clearing,  a  total  of  about  1400  acres,  was  necessary  to  prevent 
obscuring  the  range  lights  when  the  lake  reached  its  final  ele- 
vation. All  the  sites  for  beacons  and  gajs  buoys  in  Gatun  Lake 
were  also  located  and  cleared  of  jungle  growth,  before  the  water 
was  allowed  to  rise.  The  gas  buoys,  being  floating  aids,  had  to 
be  placed  on  stations  after  the  waters  of  the  lake  rose,  but  their 
sites  were  determined  and  marked  in  advance  of  the  filling  of 
the  lake. 

In  order  to  transport  material  for  the  towers  to  their  sites 
as  economically  as  possible,  advantage  was  taken  of  the  different 
stages  of  the  water  to  which  Gatun  Lake  rose  from  time  to  time 
before  it  reached  its  final  level.  Thus,  in  this  region,  with  the 
water  in  the  lake  at  elevation  -j-  14  ft.,  it  was  possible  to  deliver 
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material  and  construct  the  towers  at  only  6  sites,  these  sites  be- 
ing within  reach  of  the  railroad.  As  rapidly  as  the  water  rose 
and  approached  a  tower  site,  material  was  delivered  on  barges, 
the  water  course  followed  by  the  barges  having  in  all  cases  been 
predetermined  from  the  contours  of  the  ground  by  the  surveying 
parties,  who  cleared  a  channel  about  50  ft.  wide  through  the 
jungle  growth.  In  order  to  increase  the  efficiency  of  the  range, 
the  site  for  the  front  tower  was  located  as  close  to  the  point  of 
intersection  of  the  Canal  as  possible,  and  in  four  cases,  sub- 
marine foundations  built  in  the  dry  were  used  for  this  purpose. 

Transportation  of  the  material  thus  by  water  was  the  only 
practical  way,  but  even  then  some  of  the  sites  were  a  consider- 
able distance  from  the  shore,  in  which  case  the  material  was 
handled  to  the  site  by  means  of  improvised  cable-ways,  up  steep 
hills  and  over  valleys.  Where  the  ground  was  comparatively 
level,  Decauville  track  and  cars  were  used.  The  material  was 
delivered  as  near  to  the  sites  as  practicable  on  barges  towed  by 
steam  launches,  which  continually  had  to  thread  their  way 
through  the  tropical  forest  which  projected  above  the  slowly 
rising  waters  of  the  lake ;  frequently  the  sites  were  so  inaccessible 
that  the  launch  could  proceed  no  farther  than  within  1000  ft. 
of  the  shore,  to  which  the  barge  was  then  poled  by  boatmen,  pass- 
ing over  and  around  submerged  stumps  and  snags.  In  the  case 
of  several  of  these  extremely  inaccessible  sites,  the  handling  of 
the  material  became  a  very  expensive  item  in  the  construction 
of  the  structures,  in  some  cases  being  in  excess  of  the  total  cost 
of  the  other  labor  for  construction. 

After  the  preliminary  examination  of  the  probable  locations 
for  the  range  towers  along  the  entire  length  of  the  Canal,  it  at 
once  became  apparent  that  two  types  of  towers  would  be  re- 
quired, one,  a  rather  ornate  type  (Plate  I  and  Fig.  1)  to  be  used 
where  they  were  in  such  close  proximity  to  the  Canal,  or  to  the 
Panama  Railroad,  that  the  material  could  be  readily  delivered 
at  the  site,  and  where  it  was  desired  that  they  should  present  a 
pleasing  appearance  to  persons  aboard  passing  ships  or  trains; 
the  other  type  (Plate  II)  a  simple  design,  with  a  minimum 
amount  of  material  required  in  its  construction,  to  be  used 
where  sites  were  inaccessible  and  the  handling  of  material 
difficult. 


AIDS  TO  NATIOATIOH 


In  tropical  countries,  the  conditions  governing  the  design 
of  lighthouses  are  differCDt  from  those  of  the  colder  countries, 
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necessitating  the  elimination,  as  far  as  posaihle,  of  certain  build- 
ing materials,  such  as  steel  and  wood,  which  rapidly  deteriorate 
in  those  countries,  and  permitting  the  use  of  concrete  in  bold 
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designs.  As  it  was  the  aim  to  obtain  permanency,  minimum  cost 
of  upkeep  and  minimum  amount  of  material  entering  into  the 
construction  of  all  these  structures  pertaining  to  the  system  of 
aids  to  navigation,  concrete  was  the  material  adopted. 

The  tower  shown  on  Plate  I  was  designed  so  that  it  could  be 
built  to  any  height,  up  to  90  ft.,  from  one  set  of  forms.  Thirteen 
such  towers  were  built,  the  lowest  being  28  ft.  and  the  highest 
87  ft.  10  in.  from  base  to  focal  plane,  the  heights  of  the  inter- 
mediate towers  being  42,  46  and  74  feet.  The  walls  are  from  7 
to  5  inches  in  thickness. 

Owing  to  the  frequent  slight  earth  tremors,  the  stability  of 
the  towers  against  overturning  by  earthquakes  was  increased  by 
adopting  a  heavy  base  section  and  making  the  shell  of  the  tower 
conical  with  tapering  wall  sections,  thus  lowering  the  center  of 
gravity.  The  result  of  the  computations  for  the  74-ft.  tower 
showed  that  the  tower  would  be  stable  against  winds  at  100  miles 
per  hour  without  reinforcing;  but  to  provide  against  overturn- 
ing  by  earthquakes,  to  prevent  failure  by  fatigue  in  concrete  and 
defects  due  to  poor  workmanship,  reinforcing  rods  were  used,  to 
bind  the  concrete  together. 

All  reinforcing  bars  overlapped  at  least  24  inches,  the  ends 
being  securely  wired  to  one  another,  and  the  vertical  and  hori- 
zontal reinforcement  wired  at  their  intersections.  Bound  bars 
were  used  throughout  and  were  set  in  at  least  1^  in.  from  the 
outer  surfaces  of  the  walls.  The  spacing  of  the  vertical  bars 
varied  with  the  height  of  the  tower,  that  for  a  30-ft.  tower  being 
about  22  in.  throughout,  while  that  for  a  90-ft.  tower  was  12  in. 
at  the  bottom,  22  in.  at  a  point  36  ft.  above  the  base,  and  22  in. 
in  the  watch  room.  The  circular  horizontal  bars  were  spaced  24 
in.  center  to  center  from  bottom  to  top.  The  reinforcement  in 
the  floors,  stair  landings,  and  lantern  gallery  was  placed  about 
2  in.  from  the  bottom  and  securely  wired  to  the  wall  reinforcing 
bars. 

For  towers  founded  on  clay  or  soft  rock,  the  foundation  slab 
was  octagonal  in  plan  and  reinforced  at  the  top  with  %-in.  bars 
spaced  24  in.,  forming  a  rectilinear  net,  and  near  the  bottom 
surface  with  %-in.  bars  spaced  12  in.  and  laid  to  form  a  diagonal 
net. 
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The  mix  used  in  all  reinforced  concrete  consisted  of  one  part 
cement,  two  of  sand  and  four  of  broken  stone;  or  one  part  of 
cement  to  four  parts  of  sand  and  gravel.  The  latter  aggregates 
were  used  in  the  majority  of  the  work,  the  sand  and  gravel  as 
obtained  from  river  bed  being  in  about  the  proper  proportions 
to  form  a  good,  homogeneous  mass.  Where  used  in  thin  walls 
or  floors,  all  the  large  pieces  of  gravel  were  removed  before  mix- 
ing. The  concrete  was  carefully  mixed  by  hand  with  sufficient 
water  to  make  the  mixture  quake  while  being  spaded  in  the  forms. 
Little  ramming  was  required,  and  the  resulting  concrete  proved 
to  be  practically  waterproof  during  heavy,  driving,  torrential 
rains. 

It  may  be  of  interest  to  note  here  that  in  1913,  after  the 
majority  of  the  range  towers,  and  especially  all  the  high  ones, 
had  been  completed,  a  number  of  quite  severe  earthquakes  oc- 
curred at  different  times  on  the  Isthmus.  Some  of  them  were 
of  sufficient  force  to  rock  buildings  and  one  did  considerable 
damage  to  the  walls  and  ceilings  of  the  new  Administration 
Building  at  Balboa,  then  under  construction,  but  in  no  instance 
did  any  of  the  range  towers  suffer  the  least  damage.  Prior  to 
these  earthquakes  and  at  a  time  when  the  highest  tower,  87  ft. 
10  in.  from  base  to  focal  plane,  located  in  the  rock  fill  in  the  rear 
of  the  northerly  end  of  the  west  wall  of  the  upper  locks  at  Gatun, 
was  about  completed,  a  white  foreman  and  several  laborers  were 
doing  some  work  in  the  lantern  of  the  tower  when  a  sub-aqueous 
blast  was  set  off  near  Mindi,  a  point  about  1%  miles  from  the 
site  of  the  tower,  which  caused  the  tower  to  vibrate  both  ver- 
tically and  horizontally  to  such  an  extent  that  all  fled  in  terror 
to  the  bottom  of  the  tower ;  but  before  reaching  there,  however, 
the  vibration  had  ceased.  The  foreman  stated  that  he  was  i>08i- 
tive  the  horizontal  motion  of  the  tower  at  the  top  was  fully  2  ft. 
The  tower  was  then  carefully  examined  for  cracks  or  other  dam- 
age, but  none  could  be  discovered.  This  tower  is  founded  on  a 
reinforced  cylindrical-caisson  foundation  18  ft.  in  diameter,  rest- 
ing on  bed  rock,  60  ft.  below  grade,  and  it  was  ascertained  that 
the  rock  which  was  blasted  out  at  Mindi  on  this  occasion  was  of 
the  same  stratum  as  that  on  which  the  tower  is  founded. 

The  concrete  forms  for  this  type  of  tower  were  fabricated 
of  %-in.  steel  plate  and  steel  angles,  the  flanges  of  the  latter 
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being  provided  with  %-in.  holes  for  bolting  the  various  sections 
together.  All  rivets  on  the  sides  which  form  the  concrete  sur- 
faces were  counter  sunk.  Each  section  was  designed  to  be 
handled  by  two  laborers,  the  outside  ones  for  the  base  of  the 
tower  (Fig.  2)  in  such  a  manner  that  by  adding  or  omitting 
vertical  sections,  the  octagon  could  be  increased  or  decreased  in 
size  to  fit  the  base  of  the  conical  section.  Also  for  the  highest 
towers,  where  it  was  desirable  for  the  sake  of  maintaining  a 
proper  proportion,  the  height  of  the  middle  panel  was  raised  by 
simply  inserting  a  two-inch  plank  placed  on  edge  between  the 
top  and  bottom  forms  of  the  base  and  securing  the  latter  by 
means  of  long  bolts.  The  forms  for  the  conical  section  of  the 
tower  consisted  of  four  sets  of  outer  rings  and  four  sets  of  inner 
rings,  each  ring  consisting  of  eight  segments,  or  staves,  four  feet 
high,  bolted  together  along  the  vertical  joints  and  clamped  to- 
gether by  U-clamps  along  the  horizontal  joints.  Two  sets  of 
these  rings  formed  two  circles,  with  diameters  equal  to  the  lower 
eight  feet  of  the  conical  section  for  a  tower  74  ft.  10  in.  high, 
and  two  with  diameters  equal  to  the  lower  eight  feet  of  the  coni- 
cal section  for  a  46-ft.  tower,  which  coincides  with  the  middle 
section  of  a  74-f t.  tower.  The  inner  ring  of  the  first  set  of  these 
forms  was  designed  to  be  also  used,  when  inverted,  as  the  inner 
form  for  the  octagonal  base  of  the  tower,  in  conjunction  with 
the  first  forms  described.  The  forms  for  the  watch  room,  lantern, 
gallery  brackets,  and  belt  course  were  also  made  in  sections  and 
bolted  together. 

The  forms  for  the  octagonal  base  were  first  set  up  on  a  con- 
crete foundation  slab,  the  vertical  reinforcing  bars  were  tied  to 
the  reinforcement  in  the  slab,  and  the  form  filled  with  concrete, 
after  which  the  bottom  ring  of  the  conical  portion  of  the  tower 
was  set  up  and  filled.  The  second  ring  was  then  set  up  and 
clamped  to  the  first  ring,  filled  with  concrete,  and  after  the  con- 
crete in  the  lower  ring  had  set,  the  forms  were  stripped  and  again 
set  up  on  top  of  the  upper  ring,  repeating  the  process  until  the 
belt  course  below  the  watch  room  was  reached,  the  desired  batter 
being  given  to  the  tower  walls  by  omitting  a  segment  entirely 
and  substituting  one  or  more  narrow  wooden  staves  for  it  when 
the  ring  is  shifted  to  a  higher  position.  Thus  one  set  of  forms 
answered  for  all  towers  of  whatever  height  required.     All  the 
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work  was  carried  on  from  a  scaffold  tower  inside  the  structure ; 
the  base  usually  being  completed  in  one  day,  and  the  first  8  ft. 
of  the  conical  section  set  up  and  poured  in  another  day,  after 
which  the  work  on  the  conical  section  progressed  at  the  rate  of 
4  ft.  per  day.  Wooden  forms  were  placed  between  the  interior 
and  exterior  steel  forms  for  the  purpose  of  coring  out  the  open- 
ings for  doors  and  windows,  which  openings  were  later  trimmed 
with  concrete  architrave  moldings,  sills  and  lintels,  previously 
cast  in  units. 

The  concrete  spiral  stairways  in  the  interior  of  this  type  of 
tower  are  believed  to  be  unique  and  have  the  added  virtue  of 
being  constructed  quickly  and  economically.  They  are  built  up 
of  reinforced  concrete  units  cast  at  a  central  plant,  and  consist 
of  a  stair  string,  treads,  and  radial  supporting  beams ;  the  center 
column  or  newel  post  alone  being  cast  in  place  as  the  tower  walls 
are  being  built.  The  stair  string,  in  the  shape  of  a  warped  sur- 
face, is  cast  in  sections  about  9  ft.  long,  measured  along  the 
curve  of  the  string,  and  is  3  in.  by  15  in.  in  cross  section,  pro- 
vided on  the  inner  surface  with  rebates  forming  seats  for  the 
stair  treads.  The  upper  and  lower  end  of  each  section  of  string 
is  shaped  so  that  it  will  rest  on  the  radial  support  beams  and 
will  also  lock  into  the  adjoining  section  of  stair  string,  to  which  it 
is  cemented  by  a  bed  of  mortar.  The  stair  treads  are  cast  in 
the  shape  of  20-degree  sectors,  having  a  radius  of  3  ft.  6  in.  and 
provided  with  nosing  and  apron.  After  the  tower  walls  are  com- 
pleted, the  radial  beams  are  set  at  heights  of  every  4  ft.  extend- 
ing from  the  center  column  to  a  slot  left  in  the  tower  wall,  and 
on  these  beams  the  sections  of  stair  string  are  consecutively 
placed,  each  section  being  shored  away  from  the  wall  by  a  shoul- 
der of  concrete  on  top  of  the  radial  beam  between  the  outer  face 
of  the  string  and  the  inner  face  of  the  wall.  The  stair  treads  are 
then  set  in  beds  of  mortar,  the  outer  end  resting  on  the  seat  in 
the  string,  and  the  inner  end  on  a  concrete  lug  projecting  from 
the  newel  post.  The  stairway  is  thus  built  without  scaffolding 
and  the  design  permits  using  treads  and  stringers  of  the  same 
dimensions  in  all  the  conical  towers  in  spite  of  the  fact  that  the 
higher  towers  have  a  greater  diameter  at  the  base  than  the  lower 
ones.  The  only  parts  of  the  stairway  which  ibust  vary  in  dimen- 
sion to  correspond  to  the  batter  of  the  tower  are  the  radial  beams. 
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The  stairway  being  thus  mortared  together  gives  additional 
strength  and  stiffness  to  the  walls  of  the  tower ;  and  besides  pre- 
senting a  pleasing  appearance,  it  is  capable  of  carrying  heavy 
loads.  Before  being  set  in  place,  each  section  of  stair  string  was 
tested  by  applying  a  load  of  4000  lbs.  on  its  edge.  The  only 
exposed  metal  on  the  towers  consists  of  the  gallery  railing,  lan- 
tern door  and  ventilators,  all  of  which  are  made  of  rust-resisting 
iron  and  bronze,  and  the  cast-iron  ball  ventilator  at  the  apex  of 
the  lantern. 

The  forms  for  the  tower  shown  on  Plate  II,  Pig.  3,  and  the 
method  of  constructing  them  were  similar  to  those  for  the  towers 
just  described.  Nineteen  such  towers  were  built  in  isolated  loca- 
tions in  the  jungle,  the  lowest  tower  being  24  ft.  and  the  highest 
54  ft.  from  base  to  focal  plane,  the  heights  of  the  intermediate 
ones  being  28,  32,  36  and  50  ft.  Fifty-four  feet  was  the  height 
limit  to  which  this  type  of  tower  could  be  safely  built,  and  with 
but  one  exception,  that  height  sufficed.  In  the  latter  case,  the 
desired  height  was  obtained  by  building  a  conical  shaped  base  18 
ft.  in  diameter  and  20  ft.  high,  with  walls  8  in.  thick.  The  foun- 
dations for  these  towers,  like  those  of  the  preceding  type,  when 
they  were  founded  on  hard  clay  or  other  firm  soil,  consisted  of  an 
octagonal  reinforced  concrete  slab;  and  wherever  these  towers 
were  founded  on  concrete  piers,  they  were  secured  to  the  latter 
by  heavy  anchor  bolts. 

The  type  of  beacon  adopted  is  shown  on  Plate  III  and  is  built 
entirely  of  reinforced  concrete  units.  This  type  of  aid  to  navi- 
gation was  used  to  mark  the  sides  of  channels  and  cuts  where  it 
is  not  possible  to  use  gas  buoys;  and  as  there  were  46  required 
for  the  Canal,  it  at  once  became  evident  that  the  most  economical 
method  of  building  them  was  to  cast  the  units  at  a  central  plant 
and  place  them  on  their  respective  foundations  by  means  of  a 
derrick  barge,  after  the  water  had  been  let  into  Gatun  Lake. 
Apart  from  its  foundation,  built  in  place,  each  beacon  consists 
of  three  units, — ^the  body  or  base,  the  roof,  and  the  lantern  ped- 
estal,— all  reinforced  with  %-in.  round  bars.  In  order  to  mini- 
mize the  cost  of  construction,  these  units  were  cast  at  the  central 
plant,  located  at  Balboa,  about  one  year  in  advance  of  the  time 
they  were  to  be  used,  and  at  the  same  time  the  stair  strings, 
treads,  buoy  sinkers,  window-sills,  lintels,  etc.,  were  cast. 
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All  the  Bubmarine  foundations  for  the  beacons  in  Gatun 
Lake  were,  like  the  towers,  built  before  the  water  submerged  their 
respective  sites;  and  as  soon  as  the  water  in  the  lake  reached  the 
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85-ft.  level,  a  barge  distributed  the  material  along  the  berm  of 
Culebra  Cut  and  working  gangs  constructed  the  foundations, 
after  which  the  units  for  the  beacons  were  deposited  on  the 
foundation  and  cemented  together. 
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The  Pacific  end  of  the  Canal  from  Balboa  to  Miraflores 
locks  presented  a  diflPerent  condition  in  regard  to  the  construc- 
tion of  the  beacons  marking  the  sides  of  the  channel.  Here  a 
tide  with  a  difference  of  20  ft.  between  high  and  low  water  was 
encountered,  which  at  low  tide  partly  exposed  the  sites  of  the 
beacon.  The  banks  of  the  Canal  at  this  point  are  composed  of  a 
soft,  non-supporting  mud,  almost  fluid  on  top,  with  underlying 
rock  at  depths  of  from  30  to  50  ft.  below  low  tide,  upon  which 
only  a  light  structure  could  be  placed.  Obviously,  a  pile  founda- 
tion capped  with  a  concrete  deck  and  surmounted  by  the  type  of 
beacon  employed  elsewhere  on  the  Canal  would,  at  low  tide, 
present  an  ungainly  appearance ;  and  a  cylindrical  pier  founded 
on  bearing  piles  would  be  too  heavy  a  structure  for  the  unstable 
soil.  Similarly  the  sinking  of  a  cylindrical  foundation  caisson  to 
bed  rock  would  be  uneconomical.  The  structures,  five  in  num- 
ber, designed  for  this  reach  of  the  Canal  consisted  of  five  rein- 
forced concrete  bearing  piles,  forming  a  square  10  ft.  by  10  ft. 
in  plan,  driven  to  refusal  and  cut  off,  according  to  the  slope  of  the 
channel  bank,  at  elevation  from  6  to  8  ft.  below  mean  tide.  A 
reinforced  concrete  caisson  12  ft.  by  12  ft.  by  6  ft.  high,  pre- 
viously constructed  on  shore,  was  launched,  towed  to  the  site,  and 
lowered  into  position  on  the  piles  with  the  receding,  or  ebb,  tide. 
A  pyramidal,  skeleton  steel  structure  consisting  of  four  legs,  or 
posts,  of  6-  by  6-in.  angles  tied  together  with  horizontal  and  diago- 
nal braces  was  erected  in  this  caisson  and  all  members  of  the 
skeleton  wrapped  with  wire  and  surrounded  with  wooden  forms. 
When  the  ebb  tide  had  reached  a  point  a  little  below  the  top  of 
the  caisson,  a  valve  at  its  bottom  was  closed  and  the  water  pumped 
out,  after  which  concrete  was  poured  into  the  forms.  This  method 
allowed  sufficient  time  for  the  concrete  to  receive  its  initial  set 
before  the  concrete  was  submerged  in  salt  water.  The  upper  part 
of  the  structure  was  enclosed  with  concrete  walls  and  roof,  and 
the  whole  surmounted  by  a  concrete  lantern  pedestal.  The  total 
height  of  the  structure  is  35  ft.  from  base  to  focal  plane,  which 
gives  the  focal  plane  of  the  lantern  a  height  of  17  ft.  above  high 
tide. 

The  locations  of  all  gas  buoys  in  Gatun  Lake  had  been  deter- 
mined by  surveying  parties  before  the  water  was  allowed  to  rise, 
and  they  were  marked  by  stakes  driven  in  the  ground.    A  round 
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of  at  least  three  or  four  angles  was  obtained  by  transit  at  each 
stake,  using  large,  well  defined  trees  which  stood  above  the  85-ft. 
contour  for  reference  objects,  there  being  no  artificial  topography 
in  this  region  which  could  be  used  for  the  purpose.  Each  tree 
was  marked  with  painted  boards  nailed  to  a  conspicuous  part  of 
the  trunk,  and  a  description  of  the  trees  entered  in  the  field  book, 
together  with  the  angles;  thus  when  the  Lake  rose  to  its  final 
level,  the  gas  buoys  were  towed  to  the  proximity  of  their  respec- 
tive sites  and  with  two  sextants,  each  set  to  an  angle  equal  to  the 
one  previously  determined  by  transit,  using  the  designated  trees, 
the  buoys  were  placed  on  their  proper  stations,  being  anchored 
there  by  concrete  sinkers,  each  weighing  5000  lbs.  These  trees 
could  not  be  depended  upon  for  future  use,  and,  therefore, 
artificial  topography  was  introduced  by  erecting  18  concrete  tar- 
gets at  convenient  points  along  the  shores  of  the  lake,  which,  with 
the  range  towers,  would  give  a  sufficient  number  of  distinct  and 
permanent  objects  from  which  sextant  angles  could  be  read  by  a 
man  standing  on  the  gas  buoys,  and  these  new  angles  would  then 
serve  to  replace  the  buoy  on  its  proper  station,  should  it  ever  be 
carried  away  or  otherwise  removed,  without  first  placing  a  marker 
on  its  site. 

The  illuminants  used  in  this  system  of  aids  to  navigation  are 
electric,  incandescent  lights  and  acetylene  gas,  the  former  being 
used  whenever  the  aid  to  navigation  is  sufficiently  accessible  to 
warrant  running  a  line  to  it.  For  all  the  lighted  buojrs  and  26 
towers  and  beacons  which  are  in  inaccessible  places,  the  system 
using  compressed  acetylene  gas  dissolved  in  acetone  has  been 
adopted.  As  this  system  of  acetylene  gas  has  been  frequently 
described  in  technical  journals,  a  description  of  its  workings 
will  be  omitted  in  this  paper  and  only  its  application  to  the  struc- 
tures on  the  Canal  will  be  treated. 

The  gas  buoys  are  similar  to  those  in  general  use  in  the 
United  States  and  have  lanterns  300  mm.  diameter,  placed  on  top 
of  a  pyramidal  superstructure  at  a  height  of  15  ft.  above  water 
level.  The  body  of  the  buoy  contains  four  pockets,  in  which  are 
placed  four  gas  accumulators,  or  tanks,  9  in.  in  diameter  and  60 
in.  long,  filled  with  dissolved  acetylene  gas,  all  connected  to  a 
central  tube  8  mm.  outer  diameter  leading  up  to  the  lantern.  The 
high  pressure  gas  is  thus  led  to  the  governor  in  the  lantern. 
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where  it  is  reduced  to  a  uniform  low  pressure  and  fed  auto- 
matically to  the  burner.  In  the  case  of  range  lights  and  beacons, 
a  battery  of  from  four  to  six  tanks  similar  to  the  foregoing  is 
placed  in  the  lower  part  of  the  tower  or  beacon,  the  tanks  con- 
nected to  a  central  tube  which  is  carried  up  the  inside  of  the 
tower  to  the  lantern  and  there  connected  to  the  burner,  which  is 
identical  with  those  used  in  the  buoys.  The  capacity  of  a  bat- 
tery of  tanks  being  accurately  established,  and  the  amount  of 
gas  consumed  per  hour  at  the  burner  being  known,  it  is  easily 
determined  how  long  each  battery  of  tanks  will  maintain  a  light 
without  replenishing  the  tanks  with  gas,  and  thus  such  an  instal- 
lation becomes  what  is  known  as  an  unattended  light.  The  length 
of  time  elapsing  before  the  tanks  are  changed  in  those  buoys, 
range  towers,  and  beacons  is  from  two  months  to  seven  and  a 
half  months,  according  to  the  characteristic  of  the  light  and  the 
size  of  the  burner  used.  The  tanks  are  recharged  at  a  gas  plant 
located  at  Balboa,  where  oxygen  and  acetylene  gas  are  made  for 
use  in  the  shops ;  and  to  make  this  plant  available  for  recharging 
tanks  for  the  aids  to  navigation,  it  was  only  necessary  to  add  an 
additional  gas  generator,  purifiers,  meter,  tank  racks,  etc.,  at  a 
small  cost.  The  plant  has  a  capacity  of  twelve  tanks  every  48 
hours,  exclusive  of  those  used  for  shop  purposes. 

The  towers  and  beacons  equipped  with  electric  light,  instead 
of  burning  continuously  day  and  night,  as  in  the  case  of  the  ones 
where  acetylene  gas  is  used,  are  lighted  at  sundown  and  extin- 
guished at  sunrise,  the  control  for  each  circuit  being  located  at  a 
convenient  point.  All  the  towers  and  beacons  from  the  shore  of 
Limon  Bay  to  and  including  the  ones  on  the  lock  walls  at  Gatun 
are  connected  and  are  operated  from  switches  placed  in  the  Gatun 
locks.  Those  from  Gamboa  bridge  to  Pedro  Miguel,  on  both  sides 
of  Culebra  Cut,  are  on  a  separate  circuit  and  operated  from  Pedro 
Miguel  lock;  while  those  from  Miraflores  locks  to  Balboa  are  on 
still  another  circuit.  As  small  slides  may  occur  in  Culebra  Cut, 
which  are  likely  to  carry  away  one  or  more  of  the  beacons  or 
some  of  the  poles  carrying  the  electric  wires  of  this  circuit  and 
thus  extinguish  a  considerable  number  of  the  beacon  lights  in 
the  Cut,  precautions  were  taken  to  minimize  the  number  of  lights 
which  would  thus  be  affected  by  broken  wires.  A  conduit  was 
laid  below  the  bed  of  Culebra  Cut,  in  a  trench  cut  out  of  the  rock, 
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at  a  point  nearly  opposite  Bas  Obispo,  before  the  water  was  let 
into  the  Cut,  and  a  duplex  cable  pulled  through  it,  the  ends  ris- 
ing up  on  both  banks  through- vertical  conduits  and  connecting 
to  the  overhead  wire.  This  cable,  with  the  connection  at  Pedro 
Miguel  lock  and  the  wires  running  along  the  east  and  west  banks 
of  the  Cut,  formed  a  loop,  and  thus  the  line  could  be  broken  at 
any  point  along  the  Cut  and  still  not  extinguish  any  of  the  lights. 

The  type  of  lamp  used  in  the  electric-lighted  towers  and 
beacons  is  spherical  and  has  a  spirally- wound  Tungsten  filament, 
concentrating  the  light  source  to  a  sphere  of  %  in.  for  100-watt 
and  %  in.  for  150-watt  lamps.  In  all  the  electricaUy-lighted 
range  towers  provision  is  made  against  the  extinguishment  of 
the  light  by  placing  two  lamps,  one  in  rear  of  the  other,  behind 
the  lens.  Thus,  if  the  front  lamp  bums  out,  the  rear  one  will 
remain  burning  with  no  apparent  diminution  of  candle  power  so 
far  as  the  unaided  eye  can  detect.  This  was  determined  by 
experiment  on  a  dark  night  at  points  close  to  the  range  towers 
and  also  at  distances  of  about  four  miles.  Prior  to  this  experi- 
ment, and  before  it  was  found  that  the  concentrated  filament 
lamps  were  to  be  had,  a  lamp-shifting  device  was  designed  by 
means  of  which  a  spare  lamp  could  be  automatically  dropped  into 
focus  and  lighted  the  instant  the  service  lamp  burned  out.  This 
device,  however,  was  considered  too  delicate  to  be  taken  care  of 
by  negro  light-keepers  and  was  discarded  in  favor  of  the  double 
lamp  arrangement  in  the  range  tower. 

The  characteristic  fiashes  are  obtained  by  a  device  actuated 
by  a  1/12-hp.  motor  driving  a  gutta  percha  disc,  whose  perim- 
eter is  fitted  with  brass  contact  plates  of  predetermined  length, 
set  at  intervals  to  give  the  desired  characteristic.  The  speed  of 
the  disc  is  uniform  and  is  regulated  by  pinion  and  gear  wheels. 
The  resulting  fiashes  of  light  have  proven  to  be  very  efficient,  but, 
of  course,  with  such  short,  dark  intervals  as  0.3  second,  which  are 
required  for  the  range  lights,  the  light  is  not  cut  off  so  effec- 
tively as  in  the  acetylene-gas  installations  having  the  same  char- 
acteristic. 

The  candle  power  of  the  naked  gas  fiame  and  the  electric 
lamps  is  increased  by  the  use  of  lenses  of  various  types  and  sizes, 
those  for  the  beacons  and  buoys  being  Fresnel  lenses  300  mm. 
diameter,  and  those  in  the  range  tower,  12-in.  diameter  sema- 
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phore  and  fourth-order  range  lenses.  The  Presnel  lenses  in  the 
gas  buoys  are  of  ground  glass  and  are  made  in  France ;  but  those 
for  the  beacons  and  range  towers  are  of  pressed  glass,  made  in 
the  United  States,  at  a  great  saving  in  cost,  and  with  little  loss 
of  efficiency  as  compared  with  the  ground-glass  lenses. 

The  estimated  candle  powers  resulting  from  the  use  of  the 
foregoing  electric  and  gas  lights  in  combination  with  the  lenses 
are  as  follows: 

The  ranges  marking  the  entrances  to  the  Atlantic  and  Pacific 
ends  of  the  Canal  which  lead  out  to  sea  are  equipped  with  fourth- 
order  range  lenses  and  150-watt  concentrated  filament  lamps, 
producing  approximately  300,000  candle  power.  All  other  ranges 
marking  the  various  channels  throughout  the  Canal  are  equipped 
with  12-in.  diameter  pressed-glass  semaphore  lenses;  and  in 
those  in  which  100-watt  lamps  are  used,  the  resulting  candle 
power  is  approximately  45,000  candles;  those  in  which  60- watt 
lamps  are  used,  30,000  candles.  Where  it  is  necessary  to  use 
spherical  mirrors  in  conjunction  with  the  lenses,  as  for  example, 
where  it  is  desired  to  equalize  the  intensity  of  any  two  lights 
forming  a  range,  the  candle  power  is  increased  about  35%.  In 
such  cases,  the  spherical  mirror  is  placed  in  rear  of  the  light 
source  and  carefully  adjusted. 

One-hundred-watt  concentrated  filament  lamps  are  used  in 
all  beacons  showing  a  red  light,  which,  when  projected  through 
the  red  glass  screens,  produce  about  300  candle  power;  and  60- 
watt  common  Mazda  lamps  are  used  in  all  beacons  showing  a 
white  light  on  the  sides  of  the  narrow  channels,  which,  with  their 
large  light  source  produce  about  the  same  candle  power  as  the 
red  lights.  In  the  range  towers  equipped  with  acetylene  gas 
and  12-in.  diameter  semaphore  lenses,  the  resulting  candle  power 
varies  from  12,000  to  24,000,  according  to  the  size  of  burner  used. 

In  the  gas  buoys  and  beacons  equipped  with  300  mm.  ground- 
glass  lens  lanterns  burning  acetylene  gas,  the  resulting  candle 
power  for  those  showing  a  red  light  and  using  a  one-foot  burner  is 
about  125  candle  power;  and  those  showing  a  white  light,  from 
approximately  350  to  450  candle  power,  according  to  the  size  of 
burner  used  and  the  importance  of  the  light. 

The  fact  that  with  the  use  of  compressed  acetylene  gas  an 
almost  unlimited  number  of  characteristics, — or  light  charac- 
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